
AX5.  CHAPTER 5 ANNEX – CONTROLLED HUMAN 
EXPOSURE STUDIES OF NITROGEN OXIDES 
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AX5.1 INTRODUCTION 

This annex summarizes the effects of nitrogen oxides (NOx) on human volunteers 

exposed under controlled conditions.  The goal is to review the scientific literature on human 

clinical studies of NOx exposure published since the 1993 Air Quality Criteria Document 

(AQCD) for Oxides of Nitrogen (U.S. Environmental Protection Agency, 1993).  Summary 

findings from the 1993 AQCD are provided below.  The primary focus will be on nitrogen 

dioxide because it is the most abundant NOx species in the atmosphere and there are few human 

studies of exposure to other NOx species. 

The following are the conclusions drawn from the review of clinical studies of nitrogen 

oxide exposure in the 1993 criteria document. 

1. Nitrogen dioxide causes decrements in lung function, particularly increased 
airway resistance in healthy subjects at concentrations exceeding 2.0 ppm for 2 h. 

2. Nitrogen dioxide exposure results in increased airway responsiveness in healthy, 
nonsmoking subjects exposed to concentrations exceeding 1.0 ppm for exposure 
durations of 1 hour or longer. 

3. Nitrogen dioxide exposure at levels above 1.5 ppm may alter numbers and types 
of inflammatory cells in the distal airways or alveoli, but these responses depend 
upon exposure concentration, duration, and frequency.  Nitrogen dioxide may 
alter function of cells within the lung and production of mediators that may be 
important in lung host defenses. 

4. Nitrogen dioxide exposure of asthmatics causes, in some subjects, increased 
airway responsiveness to a variety of provocative mediators, including cholinergic 
and histaminergic chemicals, SO2 and cold air.  However, the presence of these 
responses appears to be influenced by the exposure protocol, particularly whether 
or not the exposure includes exercise.   

5. Modest decrements in spirometric measures of lung function (3 to 8%) may occur 
in some asthmatics and COPD patients under certain NO2 exposure conditions.   

6. Nitric acid levels in the range of 50 to 200 ppb may cause some pulmonary 
function responses in adolescent asthmatics, but not in healthy adults.  Other 
commonly occurring NOx species do not appear to cause any pulmonary function 
responses at concentrations expected in the ambient environment, even at higher 
levels than in worst-case scenarios.  However, not all nitrogen oxides acid species 
have been studied sufficiently. 
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7. No association between lung function responses and respiratory symptom 
responses were observed.  Furthermore, there is little evidence of a concentration-
response relationship for changes in lung function, airway responsiveness, or 
symptoms at the NO2 levels that are reviewed here.   

 
In the summary and integration chapter of the 1993 NOx criteria document, one of the 

key health effects of most concern at near ambient concentrations of NO2 was increases in 

airway responsiveness of asthmatic individuals after short-term exposures.  The 1993 AQCD 

notes the absence of a concentration-response relationship for NO2 exposure and airways 

responsiveness in asthmatics.  For example, most responses to NO2 that had been observed in 

asthmatics occurred at concentrations between 0.2 and 0.5 ppm.  However, other studies showed 

an absence of effects on airways responsiveness at much higher concentrations, up to 4 ppm.  

Since 1993, additional studies suggest that exposure to low concentrations of NO2, either alone 

or in combination with other pollutants such as SO2, may enhance allergen responsiveness in 

asthmatic subjects. 

In the years since the preparation of the 1993 AQCD, many studies from a variety of 

disciplines have convincingly demonstrated that exposure to particulate air pollution increases 

the risk for cardiovascular events.  In addition, a number of epidemiological studies have shown 

associations between ambient NO2 levels and adverse cardiovascular outcomes, at concentrations 

well below those shown to cause respiratory effects.  However, to date there remain very few 

clinical studies of NO2 that include endpoints relevant to cardiovascular disease.   

 
AX5.1.1 Considerations in Controlled Human Exposure Studies 
 
Strengths and Limitations of Controlled Human Studies 

The database for air pollution risk assessment arises from four investigative approaches:  

epidemiology, animal toxicology, in vitro studies, and human inhalation studies.  Each possesses 

advantages but also carries significant limitations.  For example, the epidemiological 

investigation examines exposures in the “real world” but struggles with the realities of 

conducting research in the community, where cigarette smoking, socioeconomic status, 

occupational exposures, meteorological variability, and exposure characterization are important 

confounders.  Outcomes are often evaluated from available health or mortality records or from 

administered questionnaires, all of which have inherent limitations.  Sophisticated measures of 
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physiological responses are often not practical in studies involving large populations, although 

they may be used in panel studies.  In contrast, inhalation studies in animals allow precision in 

quantifying exposure duration and concentration, measurement of a wide variety of physiologic, 

biochemical, and histological endpoints, and examination of extremes of the exposure-response 

relationship.  Often, however, interpretation of these studies is constrained by difficulty in 

extrapolating findings from animals to humans, especially when exposure concentrations are 

unrealistically high.   

Controlled, quantitative studies of exposed humans offer a third approach (Frampton 

et al., 2006).  Human clinical studies attempt to engineer laboratory atmospheric conditions 

relevant to ambient pollutant atmospheres, with careful control of concentrations, duration, 

timing, and other conditions which may impact responses.  These studies provide the opportunity 

to measure symptoms and physiological markers of health effects that result from breathing the 

atmospheres.  The carefully controlled environment allows investigators to identify responses to 

individual pollutants, to characterize exposure-response relationships, to examine interactions 

among pollutants, and to study the effects of other variables such as exercise, humidity, or 

temperature.  Susceptible populations can participate, including individuals with acute and 

chronic respiratory and cardiovascular diseases, with appropriate limitations based on subject 

comfort and protection from risk.  Endpoint assessment traditionally has included symptoms and 

pulmonary function, but more recently a variety of markers of pulmonary, systemic, and 

cardiovascular function have been used to assess pollutant effects. 

Human clinical studies have limitations.  For practical and ethical reasons, studies must 

be limited to relatively small groups, to short durations of exposure, and to pollutant 

concentrations that are expected to produce only mild and transient responses.  Findings from the 

short-term exposures in clinical studies may provide limited insight into the health effects of 

chronic or repeated exposures.  

Specific issues of protocol design in human clinical studies have been reviewed 

(Frampton et al., 2006), and will not be considered further here, except in the context of specific 

studies of NO2 exposure described in the following pages. 

 
Assessing the Findings from Controlled Human Studies  

In clinical studies, humans are the species of interest, so findings have particular 

relevance in risk assessment.  However, the utility of clinical studies in risk assessment is 
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tempered by the obvious need to avoid adverse health effects of the study itself.  This usually 

means selecting subjects that are not the most susceptible to the pollutant being studied.  

Furthermore, clinical studies depend on outcome markers with variable relevance or validation 

as markers of true health effects.  The statement from the American Thoracic Society, “What 

constitutes an adverse health effect?” (American Thoracic Society, 2000) addresses issues 

relevant to selection and interpretation of outcome markers in clinical studies.   

The 1993 NO2 AQCD included a description of key outcome measures that had been in 

use to that date.  These included primarily respiratory outcomes, including pulmonary function 

tests such as spirometry, lung volumes, and airways resistance, and tests of pulmonary clearance 

of inhaled aerosols.  A brief description of bronchoalveolar lavage was also included, which had 

come into use prior to 1993 to assess airway inflammation and changes in the epithelial lining 

fluid in response to NO2 exposure. 

 
 
AX5.2 EFFECTS OF NITROGEN DIOXIDE IN HEALTHY SUBJECTS 

Table AX5.1 summarizes the key clinical studies of NO2 exposure in healthy subjects 

since 1993, with a few key studies included prior to that date.  Figure AX5.1 summarizes the 

findings of these studies of airway inflammatory responses in relation to the total exposure to 

NO2, expressed as ppm-minutes.  Studies that did not include a proper control air exposure were 

not included, and studies using multiple daily exposures were not included.  All of the studies 

portrayed in Figure AX5.1 involved intermittent exercise, and no attempt was made to adjust the 

exposure metric for varying intensity and duration of exercise.   

 
 
AX5.3 THE EFFECTS OF NITROGEN OXIDE EXPOSURE IN 

SENSITIVE SUBJECTS 
Table AX5.2 summarizes studies of potentially sensitive subjects.  The potential for NO2 

exposure to enhance responsiveness to allergen challenge in asthmatics deserves special mention.  

Several recent studies, summarized in Table AX5.3, have reported that low-level exposures to 

NO2, both at rest and with exercise, enhance the response to specific allergen challenge in mild 

asthmatics.   

These recent studies involving allergen challenge suggest that NO2 may enhance the 

sensitivity to allergen-induced decrements in lung function, and increase the allergen-induced 
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airway inflammatory response.  Figure AX5.2 categorizes the allergen challenge studies as 

“positive”, i.e. showing evidence for increased responses to allergen in association with NO2 

exposure, or “negative”, with the exposure metric expressed as ppm-min.  In comparing Figure 

AX5.2 with Figure AX5.1, it can be seen that enhancement of allergic responses in asthmatics 

occurs at exposure levels more than an order of magnitude lower than those associated with 

airway inflammation in healthy subjects.  The dosimetry difference is even greater when 

considering that the allergen challenge studies were generally performed at rest, while the airway 

inflammation studies in healthy subjects were performed with intermittent exercise.   

 
 

 
 
Figure AX5.1. Airway inflammation in response to NO2 inhalation in healthy subjects. 
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Table AX5.4 summarizes human clinical studies of NO2-containing mixtures or 

sequential exposures that are most relevant to ambient exposure scenarios.  
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Figure AX5.2.  Effects of NO2 inhalation on allergen challenge in subjects with asthma.   

+:  Significant effect of NO2.  -:  No significant effect of NO2.   
*:  Exposures included intermittent exercise.   

 
 
 
AX5.4 EFFECTS OF MIXTURES CONTAINING NITROGEN OXIDES 



 
TABLE AX5.1.  CLINICAL STUDIES OF NO2 EXPOSURE IN HEALTHY SUBJECTS 
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Reference Location Participants Approach & Methods Findings Comments 
Avissar et al. 
(2001) 

Rochester, 
NY, USA 

21 healthy 
nonsmokers 

Measurements of extracellular 
glutathione peroxidase (eGPx) 
activity and protein levels in 
epithelial lining fluid from NO2 
exposure study described in 
Frampton et al. (2002) (see 
below). 

No effects of NO2 exposure on eGPx 
activity and protein concentrations.  
(Ozone exposure decreased eGPx 
activity and protein concentrations.) 

NO2 up to 1.5 ppm for 
3 hours did not deplete 
this mode of 
antioxidant defense in 
the epithelial lining 
fluid. 

Azadniv et al. 
(1998) 

Rochester, 
NY, USA 

2 studies, 
12 healthy 
nonsmokers in 
each 

Air vs. 2 ppm NO2 for 6 h with 
intermittent exercise.  Phase 1: 
BAL 18 h after exposure; 
Phase 2: BAL immediately 
after exposure. 

Increased BAL neutrophils, decreased 
blood CD8+ and null T lymphocytes 18 
h after exposure.  No effects on 
symptoms or lung function. 

2 ppm NO2 for 6 h 
caused mild 
inflammation. 

Blomberg et al. 
(1997) 

Sweden 30 healthy 
nonsmokers 

Air vs. 2 ppm NO2 for 4 h, 
with intermittent exercise 

Increased neutrophils and interleukin-8 
in bronchial wash.  Increases in specific 
lymphocyte subsets in BAL fluid.  
Symptoms/lung function not reported. 

2 ppm NO2 for 4 h 
caused airway 
inflammation. 

Blomberg et al. 
(1999) 

Sweden 12 healthy 
nonsmokers 

Air vs. 2 ppm NO2 for 4 h on 
4 days, with intermittent 
exercise.   

After 4 days of NO2, increased 
neutrophils in bronchial wash but 
decreased neutrophils in bronchial 
biopsy.  2% decrease in FEV1 after first 
exposure to NO2, attenuated with 
repeated exposure.  Symptoms not 
reported. 

Decreased lung 
function, not confirmed 
in other studies at t his 
concentration.  
Conflicting information 
on airway 
inflammation. 

Devlin et al. 
(1999) 

Chapel Hill, 
North 
Carolina, 
USA 

8 healthy 
nonsmokers 

Air and 2.0 ppm NO2 for 4 h 
with intermittent exercise. 

Increased bronchial lavage neutrophils, 
IL-6, IL-8, alpha1-antitrypsin, and tissue 
plasminogen activator.  Decreased 
alveolar macrophage phagocytosis and 
superoxide production.  No effects on 
pulmonary function.  Symptoms not 
reported. 

2 ppm NO2 for 4 h 
caused airway 
inflammation. 

Drechsler-Parks 
(1995) 

Santa 
Barbara, CA, 
USA 

8 older healthy 
nonsmokers 

4 2-h exposures with 
intermittent exercise: air, 0.60 
ppm NO2, 0.45 ppm O3, and 
0.60 ppm NO2 + 0.45 ppm O3. 

Significant reduction in cardiac output 
during exercise, estimated using 
noninvasive impedance cardiography, 
with NO2 + O3.  Symptoms and 
pulmonary function not reported. 

Suggests cardiac effects 
of NO2 + O3.  Small 
number of subjects 
limits statistical power, 
has not been replicated. 
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Reference Location Participants Approach & Methods Findings Comments 
Frampton et al. 
(1991) 

Rochester, 
NY, USA 

39 healthy 
nonsmokers 

3 protocols, all for 3 h with 
control air exposure: 1) 
continuous 0.06 ppm NO2, 
2) baseline 0.05 ppm NO2 
with peaks of 2.0 ppm, and 
3) continuous 1.5 ppm NO2.  

No symptoms or direct effects on 
pulmonary function.  Increased airways 
responsiveness to carbachol after 
1.5 ppm NO2. 

Evidence for increased 
nonspecific airways 
responsiveness with 
NO2 as low as 1.5 ppm 
for 3 h. 

Frampton et al. 
(2002) 

Rochester, 
NY, USA 

21 healthy 
nonsmokers 

Exposure to air, 0.6, 
1.5 ppm NO2 for 3 h with 
intermittent exercise. 

Dose-related decrease in hematocrit, 
hemoglobin, blood lymphocytes, and T 
lymphocytes.  Mild increase in 
neutrophils recovered in bronchial 
portion of BAL fluid.  In vitro viral 
challenge of bronchial epithelial cells 
showed increased cytotoxicity after 
1.5 ppm NO2.  No effects on symptoms 
or pulmonary function. 

Indicates NO2 causes 
airway inflammation 
below 1.5 ppm for 3 h. 
Suggest subtle effects 
on red blood cells, 
possibly RBC 
destruction 
(hemolysis).   

Gong et al. 
(2005) 

Downey, CA, 
USA 

6 healthy 
nonsmokers and 
18 ex-smokers with 
COPD 

2 h exposures with 
intermittent exercise to: 
1) air, 2) 0.4 ppm NO2, 
3) 200 µg/m3 concentrated 
ambient particulate matter 
(CAPs), 4) NO2 + CAPs 

Reduced maximum mid-expiratory flow 
rate and oxygen saturation with CAPs 
exposures; no effects of NO2 alone or 
additive effect with CAPs.   

Exposures not fully 
randomized.  Small 
number of healthy 
subjects limits 
interpretation for 
healthy group. 

Helleday et al. 
(1994) 

Sweden 8 healthy smokers, 
8 healthy 
nonsmokers 

3.5 ppm NO2 for 20 min 
with 15 min exercise.  BAL 
24 h after exposure 
compared with non-
exposure control BAL. 

Different inflammatory cell increases in 
smokers and nonsmokers.  No effects on 
symptoms.  Pulmonary function not 
reported.   

Lack of control air 
exposure with exercise 
is problematic. 

Helleday et al. 
(1995) 

Sweden 24 healthy 
nonsmokers, 8 in 
each of 3 groups 

Bronchoscopic assessment 
of mucociliary activity: 1) 
45 min after 1.5 ppm NO2 
for 20 min, 2) 45 min after 
3.5 ppm NO2 for 20 min, 
and 3) 24 h after 3.5 ppm 
NO2 for 4 h.  

Complete abolition of mucociliary 
activity 20 min after NO2; increased 
activity 24 h after NO2.  
Symptoms/pulmonary function not 
reported.   

No true air control 
exposure, order of 
procedures not 
randomized, subjects 
not blinded. 

 

 



TABLE AX5.1 (cont’d).  CLINICAL STUDIES OF NO2 EXPOSURE IN HEALTHY SUBJECTS 
Reference Location Participants Approach & Methods Findings Comments 

Jörres et al. 
(1995) 

Germany 8 healthy 
nonsmokers & 
12 mild asthmatics 

Air or 1 ppm NO2 exposure for 
3 h with intermittent exercise.  

In asthmatics, 2.5% decrease FEV1 
after NO2 vs. 1.3% decrease after air, 
p = 0.01.  FEV1 decreased 20% in 
1 subject after NO2.  No significant 
lung function effect in healthy 
subjects.  Changes in eicosanoids 
(more pronounced in asthmatics), but 
not inflammatory cells, in BAL fluid. 

Lung function effects 
consistent with other 
studies, suggesting some 
asthmatics susceptible.  
Evidence for mild airway 
inflammation.   

Kim et al. 
(1991) 

Seattle, 
Washington, 
USA 

9 healthy athletes Air, 0.18, and 0.30 ppm NO2 for 
30 min with exercise 

No effects on pulmonary function.  
Symptoms not reported. 

Small number of subjects 
limits conclusions. 

Morrow et al. 
(1992) 

Rochester, 
NY, USA 

20 COPD subjects 
(14 current 
smokers) and 
20 elderly healthy 
(13 never-smokers, 
4 former smokers, 
3 current smokers) 

Air vs. 0.3 ppm NO2 for 4 h with 
intermittent exercise. 

COPD: small declines in FVC and 
FEV1 with NO2.  Healthy: No 
symptoms or pulmonary function 
effects for group as a whole.  Healthy 
smokers showed a 2.3% decline in 
FEV1 with NO2, and differed from 
nonsmokers. 

Mild lung function effects 
of 0.3 ppm for 4 h in 
exercising patients with 
COPD.  Small number of 
healthy smoking subjects 
limits conclusions 
regarding this group.   

Pathmanathan 
et al. (2003) 

United 
Kingdom, 
Sweden 

12 healthy 
nonsmokers 

Air vs. 2 ppm NO2 for 4 h on 
4 days, with intermittent 
exercise.  Bronchoscopy and 
biopsy 1 h after exposure. 

Epithelial expression of IL-5, IL-10, 
IL-13, and ICAM-1 increased 
following NO2 exposure.  No data on 
inflammatory cells in BAL fluid. 

Supportive evidence for 
pro-allergic airway 
inflammation favoring 
following NO2 exposure. 

Posin et al. 
(1978) 

Downey, 
CA, USA 

10 healthy 
nonsmokers 

3 daily exposures for 2.5 h. 
1st day: air; 2nd and 3rd days: 
1 or 2 ppm NO2.  Intermittent 
exercise.  Subsequent control 
series of 3 daily air exposures. 

Reduced hemoglobin and hematocrit, 
and red blood cell acetyl 
cholinesterase. 

Suggests red blood cell 
effects of NO2 (see 
Frampton et al., 2002).  
Exposures not randomized. 

Rasmussen 
et al. (1992) 

Denmark 14 healthy 
nonsmokers 

Air vs. 2.3 ppm NO2 for 5 h Small increases in FVC and FEV1.  
Reduced lung permeability and blood 
glutathione peroxidase after 
exposure.   

Only 1 week between 
exposures may have 
confounded results. 

Rigas et al. 
(1997) 

 12 healthy 
nonsmokers 

2 h of 0.36 ppm NO2, 0.75 ppm 
NO2, 0.36 ppm SO2, or 0.36 ppm 
O3.  Boluses of O3 every 30 min 
to measure O3 absorption.   

NO2 and SO2 increased O3 absorption 
by increasing biochemical substrates. 

Suggests breathing 
mixtures of NO2 and O3 
would increase O3 dose to 
airways.   
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TABLE AX5.1 (cont’d).  CLINICAL STUDIES OF NO2 EXPOSURE IN HEALTHY SUBJECTS 
Reference Location Participants Approach & Methods Findings Comments 

Sandström 
et al. (1990) 

Sweden 32 healthy 
nonsmokers, 
4 groups of 
8 subjects 

4 ppm NO2 for 20 min with 15 min 
exercise.  BAL 4, 8, 24, 72 h after 
exposure, compared with non-
exposure control BAL 

Increase in BAL mast cells and 
lymphocytes 4-24 h after exposure. 

Study weakened by lack of 
control air exposure.   

Sandström 
et al. (1991) 

Sweden 18 healthy 
nonsmokers 

2.25, 4.0, 5.5 ppm NO2 for 20 min 
with light exercise.  BAL 24 h after 
exposure, compared with non-
exposure control BAL 

Increase in BAL mast cells (all 
concentrations) and lymphocytes  
(4.0 and 5.5 ppm). 

Study weakened by lack of 
control air exposure. 

Sandström 
et al. 
(1992a) 

Sweden 10 healthy 
nonsmoking men 

4 daily exposures to 4 ppm NO2 for 
20 min with 15 min exercise.  BAL 
24 h after exposure, compared with 
non-exposure control BAL. 

Reduction in alveolar macrophages, 
NK cells, and CD8 lymphocytes in 
BAL; reduction in total lymphocytes 
in blood. 

Study weakened by lack of 
control air exposure. 

Sandström 
et al. 
(1992b) 

Sweden 8 healthy 
nonsmokers 

1.5 ppm NO2 for 20 min with 
15 min exercise, every 2nd day H 6.  
BAL 24 h after exposure compared 
with non-exposure control BAL. 

Reduced CD8+ T lymphocytes and 
NK cells in BAL fluid.   

Study weakened by lack of 
control air exposure. 

Solomon 
et al. (2000) 

San 
Francisco, 
California, 
USA 

15 healthy 
nonsmokers 

Air or 2.0 ppm NO2 with 
intermittent exercise, for 4 h  
daily H 4.  BAL 18 hours after 
exposure. 

Increased neutrophils in bronchial 
lavage decreased CD4+ T 
lymphocytes in BAL.  No changes in 
blood. 

Airway inflammation with 
2 ppm NO2 for 4 daily 4 h 
exposures. 

Vagaggini 
et al. (1996) 

Italy 7 healthy 
nonsmokers 

Air vs. 0.3 ppm NO2 for 1 h with 
intermittent exercise. 

Mild increase in symptoms.  No 
effects on lung function, nasal lavage, 
or induced sputum.   

Small number of subjects 
limits statistical power. 
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TABLE AX5.2.  EFFECTS OF NO2 EXPOSURE IN SUBJECTS WITH RESPIRATORY DISEASE (SEE TABLE AX5-3 
FOR STUDIES WITH ALLERGEN CHALLENGE) 

Reference Location Participants Approach & Methods Findings Comments 
Gong et al. 
(2005) 

Downey, 
CA, USA 

6 healthy 
nonsmokers and 
18 ex-smokers with 
COPD 

2 h exposures with 
intermittent exercise to: 
1) air, 2) 0.4 ppm NO2, 
3) 200 µg/m3 concentrated 
ambient particulate matter 
(CAPs), 4) NO2 + CAPs 

Reduced maximum mid-expiratory 
flow rate and oxygen saturation with 
CAPs exposures; no effects of NO2 
alone or additive effect with CAPs.   

Exposures not fully randomized.  
Small number of subjects limits 
interpretation for healthy group. 

Hackney 
et al. 
(1992) 

Downey, 
CA, USA 

26 smokers with 
symptoms and 
reduced FEV1  

Personal monitoring and 
chamber exposure to air and 
0.3 ppm NO2 for 4 h with 
intermittent exercise 

No significant effects on lung 
function. 

 

Jörres and 
Magnussen 
(1991) 

Germany 11 mild asthmatics Air vs. 0.25 ppm NO2 for 
30 min with 10 min exercise 

No effects on lung function or 
airways responsiveness to 
methacholine. 

 

Jörres et al. 
(1995) 

Germany 8 healthy 
nonsmokers & 
12 mild asthmatics 

Air or 1 ppm NO2 exposure 
for 3 h with intermittent 
exercise.   

In asthmatics, 2.5% decrease FEV1 
after NO2 vs. 1.3% decrease after air, 
p = 0.01.  FEV1 decreased 20% in 
1 subject after NO2.  No significant 
lung function effect in healthy 
subjects.  Changes in eicosanoids 
(more pronounced in asthmatics), but 
not inflammatory cells, in BAL fluid. 

Lung function effects consistent 
with other studies, suggesting some 
asthmatics susceptible.  Evidence 
for mild airway inflammation.  
Small number of healthy subjects 
limits statistical power. 

Morrow 
et al. 
(1992) 

Rochester, 
NY, USA 

20 COPD, 
20 healthy elderly 

Air vs. 0.3 ppm NO2 for 4 h 
with intermittent exercise 

Equivocal reduction in FVC with 
COPD patients, but not healthy 
subjects. 

 

Strand et al. 
(1996) 

Sweden 19 mild asthmatics Air vs. 0.26 ppm NO2 for 
30 min with intermittent 
exercise 

Increased airway responsiveness to 
histamine 5 h after exposure.  No 
effects on lung function. 

Suggests increased nonspecific 
airways responsiveness at much 
lower concentration than healthy 
subjects.  Differs from findings in 
Jörres and Magnussen 1991 

Vagaggini 
et al. 
(1996) 

Italy 8 mild asthmatics, 
7 COPD 

Air vs. 0.3 ppm NO2 for 1 h 
with intermittent exercise. 

Mild decrease in FEV1 in COPD 
subjects in comparison with air 
exposure, but not with baseline.  No 
effects on nasal lavage or induced 
sputum. 

No convincing effect of NO2 in this 
study.  Small number of subjects 
limits statistical power. 
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TABLE AX5.3.  EFFECTS OF NO2 EXPOSURE ON RESPONSE TO INHALED ALLERGEN 
Reference Location Participants Approach & Methods Findings Comments 

Barck et al. 
(2002) 

Sweden 13 mild 
asthmatics, 
4 ex-smokers 

30 min exposures to air and 0.26 ppm 
NO2 (at rest?), allergen challenge 4 h 
and BAL 19 h after exposure.  
Randomized, crossover, double blind. 

Increased PMN in bronchial wash 
and BAL fluid, increased 
eosinophil cationic protein in 
bronchial wash, and reduced cell 
viability and BAL volume with 
NO2 + allergen.  No effects on 
lung function response to allergen. 

Key study suggesting that NO2 
enhances inflammatory 
response to allergen in mild 
asthmatics. 

Barck et al. 
(2005a) 

Sweden 18 mild 
asthmatics, 
4 ex-smokers 

Day 1: 15 min exposures, Day 2: 
2 15-min exposures to air and 0.26 ppm 
NO2 separated by 1 h, at rest.  Allergen 
challenge 4 h after exposure on day 
1 and 3 h after exposure on day 2.  
Sputum induction before exposure on 
days 1 & 2, and morning of day 3.  
Randomized, crossover, single blind.   

Increased eosinophilic cationic 
protein in sputum and blood, and 
increased myeloperoxidase in 
blood with NO2 + allergen.  No 
differences in lung function or 
sputum cells. 

Provides supporting evidence 
that NO2 enhances the airway 
inflammatory response to 
allergen. 

Barck et al. 
(2005b) 

Sweden 16 mild 
asthmatics 
with rhinitis 

30 min exposures to air and 0.26 ppm 
NO2 at rest, nasal allergen challenge 4 h 
after exposure.  Nasal lavage before and 
at intervals after exposure and 
challenge. 

No significant differences 
between air and NO2 exposure.   

0.26 ppm NO2 did not enhance 
nasal inflammatory response to 
allergen challenge. 

Devalia et al. 
(1994) 

United 
Kingdom 

8 mild 
asthmatics 

6 h exposures to combination of 
0.4 ppm NO2 and 0.2 ppm SO2.   

Increased allergen responsiveness 
10 min after exposure to 
combination of NO2 and SO2, but 
not to individual gases. 

Small number of subjects 
limits statistical power.   

Jenkins et al. 
(1999) 

United 
Kingdom 

11 mild 
asthmatics 

1) 6-h exposures to air, 0.1 ppm ozone, 
0.2 ppm NO2, and combination followed 
by allergen challenge;  
2) 3-h exposures to air, 0.2 ppm ozone, 
0.4 ppm NO2, and combination;  
All exposures with intermittent exercise. 

All of the second exposure 
scenarios (ozone, NO2, and 
combination), but none of the first 
exposure scenarios, resulted in 
reduced concentration of allergen 
causing a 20% decline in FEV1.  
Authors conclude that 
concentration more important than 
total inhaled pollutant.   

Suggests 0.4 ppm for 3 h with 
intermittent exercise increases 
allergen responsiveness. 
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TABLE AX5.3 (cont’d).  EFFECTS OF NO2 EXPOSURE ON RESPONSE TO INHALED ALLERGEN 
Reference Location Participants Approach & Methods Findings Comments 

Rusznak 
et al. (1996) 

United 
Kingdom 

13 mild 
asthmatics 

6 h exposures to combination of 
0.4 ppm NO2 and 0.2 ppm SO2 

Increased allergen responsiveness 
to combination of NO2 and SO2, 
10 min, 24, and 48 h after 
exposure. 

Confirms findings of Devalia 
et al. (1994), that NO2 + SO2 
for 6 h increases allergen 
responsiveness.   

Strand et al. 
(1997) 

Sweden 18 patients 
with mild 
asthma, age 
18-50 yrs 

Exposure to 0.26 ppm NO2 for 30 min 
at rest, allergen challenge 4 h after 
exposure 

Late phase, but not early phase, 
response to allergen enhanced by 
NO2. 

Suggests 0.26 ppm NO2 for 30 
min at rest increases late 
response. 

Strand et al. 
(1998) 

Sweden 16 patients 
with mild to 
moderate 
asthma, age 
21-52 yrs 

4 daily repeated exposures to 0.26 ppm 
NO2 for 30 min at rest 

Significant increases in both early 
and late phase response to allergen 
after 4th day of exposure. 

Suggests repeated 0.26 ppm 
NO2 at rest increases allergen 
response. 

Tunnicliffe 
et al. (1994) 

United 
Kingdom 

10 
nonsmoking 
mild 
asthmatics age 
16-60 yrs. 
8 subjects 
completed. 

Exposure to air, 0.1 ppm, and 0.4 ppm 
NO2 for 1 h at rest, separated by at 
least 1 week, followed by allergen 
challenge 

Post-challenge reduction in FEV1 
after 0.4 ppm NO2 was greater 
than after air, for both the early 
(p < 0.009) and late (p < 0.02) 
responses.  No difference in 
nonspecific airway 
responsiveness.   

Suggests threshold for allergen 
responsiveness effect is 
between 0.1 and 0.4 ppm for 1 
h resting exposure. 

Wang et al. 
(1995a); 
Wang et al. 
(1995b) 

United 
Kingdom 

2 groups of 
8 subjects with 
allergic rhinitis 

Exposure to 0.4 ppm NO2 (at rest?) for 
6 h followed by nasal allergen 
challenge and nasal lavage 

Increase in myeloperoxidase and 
eosinophil cationic protein in 
nasal lavage fluid following 
allergen challenge.   

Suggests enhanced nasal 
inflammatory response to 
allergen with 0.4 ppm. 

Wang et al. 
(1999) 

United 
Kingdom 

16 subjects 
with allergic 
rhinitis 

Treatment with nasal fluticasone or 
placebo for 4 weeks followed by 
exposure to 0.4 ppm NO2 for 6 h, 
allergen challenge, and nasal lavage 

Fluticasone suppressed the NO2 
and allergen–induced increase in 
eosinophil cationic protein in 
nasal lavage fluid. 

Confirms earlier findings of 
this group that 0.4 ppm NO2 
enhances nasal allergen 
response. 
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TABLE AX5.4.  EFFECTS OF EXPOSURE TO NO2 WITH OTHER POLLUTANTS 
Reference Location Participants Approach & Methods Findings Comments 

Devalia et al. 
(1994) 

United 
Kingdom 

8 mild asthmatics 6 h exposures to combination of 
0.4 ppm NO2 and 0.2 ppm SO2. 

Increased allergen 
responsiveness 10 min after 
exposure to combination of 
NO2 and SO2, but not to 
individual gases. 

Small number of 
subjects limits 
statistical power. 

Drechsler-
Parks (1995) 

Santa Barbara, 
CA, USA 

8 older healthy 
nonsmokers 

4 2-h exposures with intermittent 
exercise: air, 0.60 ppm NO2, 
0.45 ppm O3, and 0.60 ppm NO2 + 
0.45 ppm O3. 

Significant reduction in cardiac 
output during exercise, 
estimated using noninvasive 
impedance cardiography, with 
NO2 + O3.  Symptoms and 
pulmonary function not 
reported. 

Suggests cardiac 
effects of NO2 + O3.  
Small number of 
subjects limits 
statistical power, has 
not been replicated. 

Gong et al. 
(2005) 

Downey, CA, 
USA 

6 healthy nonsmokers 
and 18 ex-smokers 
with COPD 

2 h exposures with intermittent 
exercise to: 1) air, 2) 0.4 ppm NO2, 
3) 200 µg/m3 concentrated ambient 
particulate matter (CAPs), 4) NO2 + 
CAPs 

Reduced maximum mid-
expiratory flow rate and 
oxygen saturation with CAPs 
exposures; no effects of NO2 
alone or additive effect with 
CAPs.   

Exposures not fully 
randomized.  Small 
number of healthy 
subjects limits 
interpretation for 
healthy group. 

Hazucha et al. 
(1994) 

Chapel Hill, 
North 
Carolina, USA 

21 healthy female 
nonsmokers 

2 h exposure to air or 0.6 ppm NO2 
followed 3 h later by exposure to 
0.3 ppm O3, with intermittent 
exercise. 

NO2 enhanced spirometric 
responses and airways 
responsiveness following 
subsequent O3 exposure. 

0.6 ppm NO2 
enhanced ozone 
responses. 

Jörres and 
Magnussen 
(1990) 

Germany 14 nonsmoking mild 
asthmatics 

30 min exposures to air, 0.25 ppm 
NO2, or 0.5 ppm SO2 at rest followed 
15 min later by 0.75 ppm SO2 
hyperventilation challenge. 

NO2 but not SO2 increased 
airways responsiveness to SO2 
challenge.   

Findings contrast with 
Rubenstein, et al. 
(1990). 

Koenig et al. 
(1994) 

Seattle, 
Washington, 
USA 

28 asthmatic 
adolescents; 6 subjects 
did not complete. 

Exposure for 90 min with 
intermittent exercise to: 1) 0.12 ppm 
ozone + 0.3 ppm NO2, 2) 0.12 ppm 
ozone + 0.3 ppm NO2 + 68 µg/m3 
H2SO4, or 3) 0.12 ppm ozone + 
0.3 ppm NO2 + 0.05 ppm nitric acid. 

No effects on pulmonary 
function 

Absence of lung 
function effects of 0.3 
ppm NO2 consistent 
with other studies; no 
effects of mixtures. 

Rubenstein 
et al. (1990) 

San Francisco, 
California, 
USA 

9 stable asthmatics 30 min exposures to air or 0.3 ppm 
NO2 with 20 min exercise, followed 
1 h later by SO2 inhalation challenge. 

No effects on pulmonary 
function or SO2 
responsiveness. 

Findings contrast with 
Jörres & Magnussen 
et al. (1990). 
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TABLE AX5.4 (cont’d).  EFFECTS OF EXPOSURE TO NO2 WITH OTHER POLLUTANTS 
Reference Location Participants Approach & Methods Findings Comments 

Rudell et al. 
(1999) 

Sweden 10 healthy 
nonsmokers 

Air and diesel exhaust for 1 h, with 
and without particle trap.  NO2 
concentration 1.2-1.3 ppm.  BAL 
24 h after exposures. 

Increased neutrophils in BAL 
fluid, no significant reduction 
in effect with particle trap. 

Filter only partially 
trapped particles.  
Unable to draw 
conclusions about role 
of NO2 in causing 
effects. 

Rusznak et al. 
(1996) 

United 
Kingdom 

13 mild asthmatics 6 h exposures to combination of 
0.4 ppm NO2 and 0.2 ppm SO2. 

Increased allergen 
responsiveness to combination 
of NO2 and SO2, 10 min, 24, 
and 48 h after exposure. 

Confirms findings of 
Devalia et al. (1994), 
that NO2 + SO2 for 6 h 
increases allergen 
responsiveness. 
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TABLE AX6.1.  STUDIES EXAMINING EXPOSURE TO INDOOR NO  AND RESPIRATORY SYMPTOMS 2

    NO2 Measurement 
Author, 

Year/Outcome OR or RR (95% CI) Subjects/Location Analysis/Monitoring Device 
Exposure 

Time Mid-Range (ppb) 
Range 
(ppb) 

Pilotto et al. (2004)  
118 asthmatic 
children/Australia 

negative binomial/passive 
diffusion badges 6 h 

mean (sd) 
intervention 16 (7) 7, 38 

daytime symptoms     
mean (sd) control 47 
(27) 12, 116 

difficulty breathing RR 2.44 (1.02, 14.29)*      
chest tightness RR 2.22 (1.23, 4.00)*      
asthma attacks RR 2.56 (1.08, 5.88)*      
difficulty breathing, 
night RR 3.12 (1.45, 7.14)*      
       
Pilotto et al. (1997) OR 1.41 (0.63, 3.15) 388 children/Australia generalized linear mixed 

models/passive diffusion badges 
6 h  4, 132 

wheeze (>40 ppb)       
       
Nitschke et al. (2006) 

 
174 asthmatic 
children/Australia 

negative binomial/passive 
diffusion badges 

6 h mean home 20 (22) 
 

night symptoms     mean school 34 (28)  
difficulty breathing       
school max RR 1.23 (1.10, 1.39)      
home max RR 1.06 (1.02, 1.10)      
chest tightness       
school max RR 1.25 (1.14, 1.37)      
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TABLE AX6.1 (cont’d).  STUDIES EXAMINING EXPOSURE TO INDOOR NO  AND RESPIRATORY SYMPTOMS 2

    NO2 Measurement 

Author, Year OR or RR (95% CI) Subjects/Location Analysis/Monitoring Device 
Exposure 

Time Mid-range (ppb)
Range 
(ppb) 

Garrett et al. (1998)  148 children/Australia  
multiple logistic regression/passive 
monitors 4 days med 6 

p10-p90, 
3, 15 

chest tightness OR 1.53 (0.45, 5.32)      
       
Smith et al. (2000)  125 asthmatic 

adults/children/Australia 
GEE/passive diffusion badges 4.5 h  4, 147 

children (n = 49, 0-14)       
chest tightness OR 1.12 (1.07, 1.18)      
       
Belanger et al. (2006)  728 asthmatic 

children/Northeast US 
logistic, Poisson regression/Palmes 
tubes 

2 wks mean (sd) gas 
home 26 (18) 

 

multifamily housing     
mean (sd) elect 
home 9 (9)  

wheeze RR 1.33 (1.05, 1.68)      
chest tightness RR 1.51 (1.18, 1.91)      

Chauhan et al. (2003)  

 
114 asthmatic children/ 
Southampton U.K. Palmes diffusion tubes 7 d 

Exposure tertiles:  
< 4; 4-7 ; > 7 

Chauhan et 
al. (2003) 

Increased symptom 
score, comparing first 
and second tertiles of 
NO2 exposure 0.6 (0.01, 1.18)      
Increased symptom 
score, comparing first 
and third tertiles of 
NO2 exposure 2.1 (0.52, 3.81)      
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TABLE AX6.1 (cont’d).  STUDIES EXAMINING EXPOSURE TO INDOOR NO2 AND  
RESPIRATORY SYMPTOMS 

    NO2 Measurement 

Author, Year OR or RR (95% CI) Subjects/Location Analysis/Monitoring Device 
Exposure 

Time Mid-range (ppb) 
Range 
(ppb) 

van Strien et al. 
(2004)  762 infants/Northeast US Poisson regression  med 10  
persistent cough       
<5.1 ppb RR 1.0      
5.1, 9.9 ppb RR 0.96 (0.69, 1.36)      
9.9, 17.4 ppb RR 1.33 (0.94, 1.88)      
>17.4 ppb RR 1.52 (1.00, 2.31)      
shortness of breath       
<5.1 ppb RR 1.0      
5.1, 9.9 ppb RR 1.59 (0.96, 2.62)      
9.9, 17.4 ppb RR 1.95 (1.17, 3.27)      
>17.4 ppb RR 2.38 (1.31, 4.34)         
Notes: 
Unless otherwise noted, results given for 20 ppb increase in NO2. 
*For purpose of comparison, RRs from Pilotto et al. (2004) are shown here as risk of symptoms given greater exposure to NO2, 
i.e., control (unflued gas heater) vs. intervention (flued or electric replacement heater).  
RRs reported by Pilotto el al. (2004) as protective effects for intervention vs. control. 
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TABLE AX6.2.  STUDIES EXAMINING EXPOSURE TO AMBIENT NO2 AND ACUTE RESPIRATORY SYMPTOMS 
USING GENERALIZED ESTIMATING EQUATIONS (GEE) IN THE ANALYSIS METHOD 

     NO2 Measurement    Correlation with Other Pollutants 

Author, Year OR (95% CI) Location Subjects 
Avg 
Time 

Mid-range 
(ppb) Range (ppb)  PM2.5 PM10 
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O3 SO2 CO 
Children:  Multicity 
Studies             

Schwartz et al. (1994)  
US, 
6-Cities 

1844 
children 24 h med 13 p10-p90, 5, 24  0.35 0.36 !0.28 0.51  

cough, incidence: 
lag 1-4 mean 1.61 (1.08, 2.43)            

Mortimer et al. (2002)  
US, 
NCICAS

864 
asthmatic 
children 4 h med 25 7, 90    0.27   

asthma symptoms: 
lag 1-6 mean 1.48 (1.02, 2.16)            

Schildcrout et al. (2006)  

North 
America, 
CAMP 

990 
asthmatic 
children 24 h med 23 

min p10 to max 
p90, 10, 37   0.26, 0.64 0.04, 0.47 0.23, 0.68 0.63, 0.92

asthma symptoms:  
lag 0 1.06 (1.00, 1.13)            
lag 1 1.04 (0.97, 1.10)            
lag 2 1.09 (1.03, 1.15)            
3-day moving sum 1.04 (1.01, 1.07)            

 
 
 
 

 



 

TABLE AX6.2 (cont’d).  STUDIES EXAMINING EXPOSURE TO AMBIENT NO2 AND ACUTE RESPIRATORY 
SYMPTOMS USING GENERALIZED ESTIMATING EQUATIONS (GEE) IN THE ANALYSIS METHOD 
     NO2 Measurement    Correlation with Other Pollutants 

Author, Year OR (95% CI) Location Subjects 
Avg 
time 

Mid-range 
(ppb) Range (ppb)  PM2.5 PM10 O3 SO2 CO 

Children:  Single City 
Studies             

Pino et al. (2004)  Chile 504 infants 24 h 
mean (sd) 41 
(19) p5-p95, 20, 81       

wheezy bronchitis: 
6-day lag 1.14 (1.04, 1.30)            

Ostro et al. (2001)  
Southern 
CA 

138 
asthmatic 
children, 
African 
American 1 h 

mean (sd) 80 
(4) 20, 220  0.34 0.63 0.48   

cough, incidence: lag 3 1.07 (1.00, 1.14)            
wheeze, incidence: 
lag 3 1.05 (1.01, 1.09)            

Delfino et al. (2002)  
Southern 
CA 

22 asthmatic 
children 8 h 

mean (sd) 15 
(7) 6, 34   0.55 0.26   

asthma symptoms: 
 lag 0 1.91 (1.07, 3.39)            

Segala et al. (1998)  Paris 
84 asthmatic 
children 24 h 

mean (sd) 30 
(8) 13, 65  (0.61)* 0.55  0.54  

asthma symptoms, 
incidence: lag 0 1.89 (1.13, 3.17)            
lag 1 1.36 (0.70, 2.64)            
lag 4 1.80 (1.07, 3.01)            
nocturnal cough, 
incidence: lag 3 1.44 (0.99, 2.08)            
lag 4 1.74 (1.20, 2.52)            
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TABLE AX6.2 (cont’d).  STUDIES EXAMINING EXPOSURE TO AMBIENT NO2 AND ACUTE RESPIRATORY 
SYMPTOMS USING GENERALIZED ESTIMATING EQUATIONS (GEE) IN THE ANALYSIS METHOD 

     NO2 Measurement    Correlation with Other Pollutants 

Author, Year OR (95% CI) Location Subjects 
Avg 
time 

Mid-range 
(ppb) Range (ppb)  PM2.5 PM10 O3 SO2 CO 

Just et al. (2002)  Paris 
82 asthmatic 
children 24 h 

mean (sd) 29 
(9) 12, 59  0.92* 0.54 0.09 0.69  

nocturnal cough, 
incidence: lag 0 2.11 (1.20, 3.74)            
lag 0-2 1.80 (0.89, 3.84)            
lag 0-4 1.58 (0.73, 3.54)            

Jalaludin et al. (2004)  Australia

148 children 
with wheeze 
history 15 h 

mean (sd) 15 
(6) 3, 79   0.26 !0.31   

wet cough: 
lag 0 1.13 (1.00, 1.26)            
Pino et al. (2004)             
Ad  
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ults             

Segala et al. (2004)  Paris 

46 
nonsmoking 
adults 24 h 

mean (sd) 30 
(9) 12, 71  0.82* 0.83    

sore throat, cough: 
lag 0-4 

4.05 (1.20, 
13.60)            

von Klot et al. (2002)  Germany
53 asthmatic 
adults 24 h med 24 4, 63   0.74  0.36 0.82 

wheeze, prev: 5-day 
mean 1.15 (1.02, 1.31)            
phlegm, prev: 5-day 
mean 1.22 (1.10, 1.39)            
cough, prev: 5-day 
mean 1.15 (1.00, 1.31)            
breathing prob in a.m.: 
5-day mean 1.25 (1.10, 1.39)                      

Odds ratios (OR) given for 20 ppb increase in NO2 with 24-h averaging time, or 30 ppb for 1-h averaging time.  (20 ppb increases also used for times between 1 and 24 h.)  *BS 

 



 

TABLE AX6.3-1.  RESPIRATORY HEALTH EFFECTS OF OXIDES OF NITROGEN:   
HOSPITAL ADMISSIONS 

Reference, Study 
Location, & Period Outcomes, Design, & Methods 

Mean Levels & 
Monitoring Stations 

Copollutants & 
Correlations 

Effects:  Relative Risk or Percent Change 
& Confidence Intervals (95%) 

UNITED STATES 
Moolgavkar (2000a,b,c) 
Moolgavkar (2003) 
 
Multi-city, United 
States:  Chicago, Los 
Angeles, Maricopa 
County, (Phoenix). 
 
Period of Study:   
1987-1995 

Outcomes (ICD 9 codes):  COPD including 
asthma (490-496) 
Age groups analyzed:  0-19, 20-64, 65+ (LA 
only)  
Study Design:  Time series 
Statistical Analyses:  Poisson regression, 
GAM 
Covariates:  day of wk, temporal trends, 
temperature, relative humidity 
Lag:  0-5 days 

Chicago 
Median:  25 ppb 
IQR:  10 ppb 
 
Los Angeles 
Median:  38 ppb 
IQR:  18 ppb 
 
Maricopa 
Median:  19 ppb 
IQR:  12 ppb 
 
 
 

Chicago:   
PM10; r = 0.49 
CO; r = 0.63 
SO2; r = 0.44 
O3; r = 0.02 
 
LA:   
PM2.5; r = 0.73 
PM10; r = 0.70 
CO; r = 0.80 
SO2; r = 0.74 
03; r = !0.10 
 
Maricopa:   
PM10; r = 0.22 
CO; r = 0.66 
SO2; r = 0.02 
O3; r = !0.23 

Increment:  10 ppb 
 
COPD, >65 yrs 
Chicago 1.7% [CI 0.36, 3.05] lag 0 - GAM default 
Chicago 2.04% [t = 2.99] lag 0 - GAM-100 
Los Angeles 2.5% [CI 1.85, 3.15] lag 0 - GAM 
default 
Los Angeles 2.84% [t = 13.32] lag 0 - GAM - 30 
Los Angeles 1.80% [t = 9.60] lag 0 - GAM - 100 
Los Angeles 1.78% [t = 7.72] lag 0 - NS-100 
Phoenix 4.4% [CI 1.07, 7.84] lag 5 
 
Chronic Respiratory Disease 
Los Angeles 
0-19 yrs 4.9% [CI 4.1, 5.7] lag 2  
20-64 yrs 1.7% [CI 0.9, 2.1] lag 2  
 
Multi-pollutant model 
NO2 and PM10:  1.72% [t = 3.18] lag 0 - GAM-100 
NO2 and PM2.5:  1.51% [t = 2.07] lag 0 - GAM-100 

Moolgavkar* et al. 
(1997) 
United States:  
Minneapolis-St. Paul 
 
Period of Study:   
1986-1991 

Outcomes (ICD 9 codes):  COPD including 
asthma (490-496), Pneumonia (480-487) 
Age groups analyzed:  65+  
Study Design:  Time series 
Statistical Analyses:  Semi-parametric 
Poisson regression, GAM 
Covariates:  day of wk, season, temporal 
trends, temperature 
Statistical Package:  S Plus 
Lag:  0-3 days 

NO2 24-h avg (ppb) 
 
16.3 ppb 
IQR:  9.5 ppb 

PM10; r = 0.31 
SO2; r = 0.09 
CO; r = 0.58 

Increment:  10 ppb 
 
 
Sum of Pneumonia and COPD  
2.2% [0.2, 4.2] lag 1 
 
Pneumonia Only 
3.1% [0.6, 5.6] lag 1, 20 df 
1.7% [-0.8, 4.2] lag 1, 130 df 
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TABLE AX6.3-1 (cont’d).  RESPIRATORY HEALTH EFFECTS OF OXIDES OF NITROGEN:   
HOSPITAL ADMISSIONS 

Reference, Study 
Location, & Period Outcomes, Design, & Methods 

Mean Levels & 
Monitoring Stations 

Copollutants & 
Correlations 

Effects:  Relative Risk or Percent Change & 
Confidence Intervals (95%) 

UNITED STATES (cont’d) 
Neidell (2004) 
California 
 
Period of Study:   
1992-1998 

Outcomes (ICD 9 codes):  Asthma 
Age groups analyzed:  <18; 0-1; 1-3; 3-6; 
6-12; 12-18 
Study Design:  Time series 
Statistical Analyses:  NR 
Covariates:  Temperature, precipitation, 
influenza epidemic,  
Seasons:  Nov-Mar only 
Lag:  0-4 days 
 

NO2 (ppb) 
Mean:  45.947 
SD:  17.171 

O3 
CO 
PM10 

Increment:  NR 
 
Age 0-1 
Fixed effects:  0.009 (0.014) 
Controlled for avoidance behavior:  0.009 (0.014) 
Single pollutant:  0.001 (0.011) 
Adjusted for SES:  0.021 (0.017) 
Interaction with Low SES:  !0.017 (0.029) 
Age 1-3 
Fixed effects:  0.002 (0.016) 
Controlled for avoidance behavior:  0.002 (0.016) 
Single pollutant:  0.009 (0.013) 
Adjusted for SES:  !0.001 (0.020) 
Interaction with Low SES:  !0.004 (0.032) 
Age 3-6 
Fixed effects:  0.006 (0.016) 
Controlled for avoidance behavior:  0.006 (0.016) 
Single pollutant:  0.028 (0.013) 
Adjusted for SES:  0.020 (0.020) 
Interaction with Low SES:  !0.037 (0.033) 
Age 6-12 
Fixed effects:  0.041 (0.015) 
Controlled for avoidance behavior:  0.042 (0.015)  
Single pollutant:  0.047 (0.012) 
Adjusted for SES:  0.040 (0.018) 
Interaction with Low SES:  !0.016 (0.031) 
Age 12-18 
Fixed effects:  0.005 (0.013) 
Controlled for avoidance behavior:  0.005 (0.013) 
Single pollutant:  0.015 (0.010) 
Adjusted for SES:  0.013 (0.017) 
Interaction with Low SES:  !0.020 (0.026) 
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TABLE AX6.3-1 (cont’d).  RESPIRATORY HEALTH EFFECTS OF OXIDES OF NITROGEN:   
HOSPITAL ADMISSIONS 

Reference, Study 
Location, & Period Outcomes, Design, & Methods 

Mean Levels & 
Monitoring Stations 

Copollutants & 
Correlations 

Effects:  Relative Risk or Percent Change & 
Confidence Intervals (95%) 

UNITED STATES (cont’d) 
Karr et al. (2006) 
Southern LA County, 
CA, United States 
 
Period of Study:   
1995-2000 

Outcomes (ICD 9 codes):  Acute 
bronchiolitis (466.1) 
Age groups analyzed:  0-1 yr  
Study Design:  Case-crossover 
N:  19,109 
Statistical Analyses:  Conditional logistic 
regression 
Covariates:  day of wk, temperature, 
humidity 
Seasons:  Nov-Mar only 
Lag:  0-4 days 
 

1-h max NO2 (ppb) 
Mean:  59 ppb 
IQR:  26 ppb 
 
Number of Stations:  34 

CO 
PM2.5 

Increment:  26 ppb (IQR) 
 
Acute bronchiolitis 
OR 0.96 [0.94, 0.99] lag 4 
OR 0.97 [0.95, 0.99] lag 1 
Stratified by Gestational Age at Birth:   
37-44 wks 
0.98 [0.95, 1.00] lag 1; 0.97 [0.94, 0.99] lag 4 
34-36 wks 
0.90 [0.84, 0.97] lag 1; 0.94 [0.88, 1.02] lag 4 
29-33 wks 
1.01 [0.91, 1.13] lag 1; 0.90 [0.80, 1.01] lag 4 
25-28 wks 
0.94 [0.78, 1.13] lag 1; 0.90 [0.73, 1.11] lag 4 
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TABLE AX6.3-1 (cont’d).  RESPIRATORY HEALTH EFFECTS OF OXIDES OF NITROGEN:  

HOSPITAL ADMISSIONS 
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Reference, Study 
Location, & Period Outcomes, Design, & Methods 

Mean Levels & 
Monitoring Stations 

Copollutants & 
Correlations 

Effects:  Relative Risk or Percent Change 
& Confidence Intervals (95%) 

UNITED STATES (cont’d) 
Linn et al. (2000) 
Los Angeles, United 
States 
 
Period of Study:   
1992-1995 
  

Outcomes (ICD 9 codes):  Asthma  (493), 
COPD (APR-DRG 88), Pulmonary 
diagnoses  
(APR-DRG 75-101) 
Age groups analyzed:  >30  
Study Design:  Time series 
N:  302,600 
Statistical Analyses:  Poisson regression, 
GAM, OLS regression 
Covariates:  day of wk, holiday, max 
temperature, min temperature, rain days, 
mean temperature, barometric pressure, 
season 
Seasons:  Winter (Jan-Mar), Spring (Apr-
Jun), Summer (Jul-Sep), Fall  
(Oct-Dec) 
Statistical Package:  SPSS and SAS 
Lag:  0, 1 days 

All concentrations are in 
ppb. 
Winter:  3.4 ± 1.3  
Spring:  2.8 ± 0.9 
Summer:  3.4 ± 1.0 
Autumn:  4.1 ± 1.4 
 
Overall:  3.4 ± 1.3 

Winter:   
CO; r = 0.89 
PM10; r = 0.88 
O3; r = !0.23 
 
Spring:   
CO; r = 0.92 
PM10; r = 0.67 
O3; r = 0.35 
 
Summer 
CO; r = 0.94 
PM10; r = 0.80 
O3; r = 0.11 
 
Winter 
CO; r = 0.84 
PM10; r = 0.80 
O3; r = !0.00 
 

Increment:  10 ppb 
 
All pulmonary 
All seasons:  0.7% ± 0.3% 
Winter:  1.1% ± 0.5% 
Spring:  0.7% ± 0.1% 
Summer:  0.4% ± 0.8% 
Autumn:  1.2% ± 0.4% 
Asthma 
All season:  1.4% ± 0.5% 
Winter:  2.8% ± 0.1% 
Spring:  NR 
Summer:  NR 
Autumn:  1.9% ± 0.8% 
COPD 
All season:  0.8% ± 0.4% 
Winter:  NR 
Spring:  NR 
Summer:  NR 
Autumn:  1.6% ± 0.6% 

 
 
 
 
 
 
 

 



 

TABLE AX6.3-1 (cont’d).  RESPIRATORY HEALTH EFFECTS OF OXIDES OF NITROGEN:  
HOSPITAL ADMISSIONS 

Reference, Study 
Location, & Period Outcomes, Design, & Methods 

Mean Levels & 
Monitoring Stations 

Copollutants & 
Correlations 

Effects:  Relative Risk or Percent 
Change & Confidence Intervals (95%) 

UNITED STATES (cont’d) 
Gwynn* et al. (2000) 
Buffalo, NY 
United States 
 
Period of Study:   
1988-1990 
 
Days:  1,090 
 

Outcomes (ICD 9 codes):  Respiratory 
admissions:  Acute bronchitis/bronchiolitis 
(466); Pneumonia (480-4860); COPD and 
Asthma (490-493, 496) 
Age groups analyzed:  6 
Study Design:  Time series 
N:  24, 
Statistical Analyses:  Poisson regression 
with GLM and GAM 
Covariates:  season, day of wk, holiday, 
temperature, relative humidity 
Lag:  0-3 days 

24-h avg NO2 (ppb):   
Min:  4.0 
25th:  15.5 
Mean:  20.5 
75th:  24.5 
Max:  47.5 

H+ r = 0.22 
SO4

2- r = 0.36 
PM10 r = 0.44 
O3 r = 0.06 
SO2 r = 0.36 
CO r = 0.65 
COH r = 0.72 

Increment:  27 9 ppb (Max-Mean; IQR) 
 
NO2 alone:   
Max-Mean RR 1.033 (t = 1.32) lag 1 
IQR RR 1.01 (t = 1.32) lag 1 

Zanobetti and 
Schwartz (2006) 
Boston, MA, United 
States 
 
Period of Study:   
1995-1999 
 
 

Outcomes (ICD 9 codes):  Pneumonia (480-
7) 
Age groups analyzed:  65+ 
Special Population:  Medicare patients only 
Study Design: Case-crossover 
N:  24,857 
Statistical Analyses:  Conditional logisitic 
regression 
Covariates:  apparent temperature, day of 
wk 
Seasons:  Warm (Apr-Sep), Cool (Oct-Mar) 
Statistical Package:  SAS 
Lag:  0, 1 days, 0-1 avg 

NO2 median 23.20 ppb; 
90-10%:  20.41 ppb; For 
lag 0-1 2 day avg 90-10% 
= 16.8 ppb; IQR = 10.83 
 
Number of Stations:  5 

PM2.5; r = 0.55 
BC; r = 0.70 
CO; r = 0.67 
O3; r = !0.14 

Increment:  20.41 ppb (90-10%) 
Pneumonia 
-0.16% [!4.73, 4.42] lag 0 
 
Increment:  16.78 ppb (90-10%) 
Pneumonia 
2.26% [!2.55, 7.01] lag 0-1 
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TABLE AX6.3-1 (cont’d).  RESPIRATORY HEALTH EFFECTS OF OXIDES OF NITROGEN:   
HOSPITAL ADMISSIONS 

Reference, Study 
Location, & Period Outcomes, Design, & Methods 

Mean Levels & 
Monitoring Stations 

Copollutants & 
Correlations 

Effects:  Relative Risk or Percent Change 
& Confidence Intervals (95%) 

EUROPE (cont’d) 
Ponce de Leon et al. 
(1996) 
London, England 
 
Period of Study:   
04/1987-1988;  
1991-02/1992 

Outcomes (ICD 9):  All respiratory (460-
519) 
Age groups analyzed:  0-14, 15-64, 65+, all 
ages 
Study Design:  Timeseries 
N:  19,901 
Statistical Analyses:  APHEA protocol, 
Poisson regression GAM 
Covariates:  Long-term trend, season, 
influenza, day of wk, holiday, temperature, 
humidity 
Season:  Cool, Oct-Mar; Warm:  
Apr-Sep 
Dose-Response Investigated?:  Yes 
Statistical Package:  SAS 
Lag:  0,1,2 days, 0-3 cumulative avg. 
 

NO2 24-h avg:  37.3 ppb, 
Med:  35 
SD = 13.8 
IQR:  14 ppb 
 
1-h max:  57.4 ppb,  
Med:  51 
SD = 26.4 
IQR:  21 ppb 
 
# of stations:  2 

SO2 r = 0.45 
BS r = 0.44 
O3 

Increment:  90th-10th percentile (24-h avg:  
27 ppb) 
 
All year  
All ages 1.0114 [1.006, 1.0222] lag 2 
0-14 yrs 1.0104 [0.9943, 1.0267] lag2 
15-64 yr 1.0113 [0.9920, 1.0309] lag 1 
$65 yr 1.0216 [1.0049, 1.0386] lag 2 
Warm season  
All ages 1.0276 [1.0042, 1.0515] lag 2 
0-14 yrs 1.038 [1.0009, 1.0765] lag 2 
15-64 yr 1.0040 [0.9651, 1.0445] lag 1 
>65 yr 1.0326 [0.9965, 1.0699] lag 2 
Cool season  
All ages 1.0060 [0.9943, 10177] lag2 
0-14 yrs 1.0027 [0.9855, 1.0202] lag2 
15-64 yr 1.0136 [0.9920, 1.0357] lag 1 
>65 yr 1.0174 [0.9994, 1.0358] lag 2 
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TABLE AX6.3-1 (cont’d).  RESPIRATORY HEALTH EFFECTS OF OXIDES OF NITROGEN:   

HOSPITAL ADMISSIONS 
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Reference, Study 
Location, & Period Outcomes, Design, & Methods 

Mean Levels & Monitoring 
Stations 

Copollutants & 
Correlations 

Effects:  Relative Risk or Percent 
Change & Confidence Intervals (95%) 

EUROPE (cont’d) 
Atkinson et al. (1999a) 
London, England 
 
Period of Study:   
1992 to 1994 
Days:  1096 
 
 
 

Outcomes (ICD 9):  All respiratory (460-
519), Asthma (493), Asthma + COPD (490-
6), Lower respiratory disease (466, 480-6) 
Age groups analyzed:  0-14, 15-64, 65+, all 
ages 
Study Design:  Time series 
N:  165,032 
Statistical Analyses:  APHEA protocol, 
Poisson regression 
Covariates:  Long-term trend, season, 
influenza, day of wk, holiday, temperature, 
humidity 
Season:  Cool, Oct-Mar; Warm:  
Apr-Sep 
Dose-Response Investigated?:  Yes 
Statistical Package:  SAS 
Lag:  0,1,2 days, 0-1, 0-2,  0-3 cum. avg. 

NO2 1 h mean:  50.3 ppb, SD 
17.0, Range:  22.0, 224.3 ppb, 
10th centile:  34.3, 90th centile:  
70.3 
 
# of stations:  3, 
r = 0.7, 0.96 

O3,  
CO,  
PM10,  
BS,  
SO2 

Increment:  36 ppb (90th-10th centile) 
 
All ages 
Respiratory 1.64% [0.14, 3.15] lag 1 
Asthma  1.80% [!0.77, 4.44 lag 0 
0-14 yrs 
Respiratory1.94% [!0.39, 4.32] lag 2 
Asthma . 1% [!1.42, 5.77] lag 3 
15-64 yrs 
Respiratory 1.61% [!0.82, 4.09] lag 1 
Asthma  5.08% [0.81, 9.53] lag 1 
65+ yrs 
Respiratory 2.53% [0.58, 4.52] lag 3 
Asthma 4.53% [!2.36, 11.91] lag 3 
COPD3.53% [0.64, 6.50] lag 3 
Lower Resp. 3.47% [0.08, 6.97] lag 3 

 
 
 
 
 
 
 
 
 
 

 



 

TABLE AX6.3-1 (cont’d).  RESPIRATORY HEALTH EFFECTS OF OXIDES OF NITROGEN:  
HOSPITAL ADMISSIONS 

Reference, Study 
Location, & Period Outcomes, Design, & Methods 

Mean Levels & 
Monitoring Stations 

Copollutants & 
Correlations 

Effects:  Relative Risk or Percent Change 
& Confidence Intervals (95%) 

EUROPE (cont’d) 
Wong* et al. (2002) 
London England and 
Hong Kong 
 
Period of Study:   
London:  1992-1994 
Hong Kong:   
1995-1997 
 
Days:  1,096 

Outcomes (ICD 9):  All respiratory 
admissions (460-519); asthma (493)  
Age groups analyzed:  15-64, 65+, all ages 
Study Design:  Timeseries 
Statistical Analyses:  APHEA protocol, 
Poisson regression with GAM 
Covariates:  Long-term trend, season, 
influenza, day of wk, holiday, temperature, 
humidity, thunderstorms 
Season:  Cool, Oct-Mar; Warm:  Apr-Sep 
Dose-Response Investigated?:  Yes 
Statistical Package:  S-Plus 
Lag:  0,1,2,3,4 days, 0-1 cum. avg. 

24 h NO2 µg/m3  
Hong Kong 
Mean:  55.9 
Warm:  48.1 
Cool 63.8 
SD 19.4 
Range:  15.3, 151.5 
10th:  31.8 
50th:  53.5 
90th:  81.8 
 
London 
Mean:  64.3 
Warm:  62.6 
Cool 66.1 
SD 20.4 
Range:  23.7, 255.8 
10th:  42.3 
50th:  61.2 
90th:  88.8 
 
# of stations:   
Hong Kong:  7, 
r = 0.65, 0.90 
London:  3,  
r = 0.80 

Hong Kong 
PM10 r = 0.82 
SO2 r = 0.37 
O3 r = 0.43 
 
London 
PM10 r = 0.68 
SO2 r = 0.71 
O3 r = !0.29 

Increment:  10 µg/m3 
 
Asthma, 15-64 years 
Hong Kong  
ER !0.6 [!2.1, 1.0] lag 0-1 
ER !1.3 [!2.6, 0.1] lag 1 
Warm:  ER !0.5 [!2.7, 1.6] lag 0-1 
Cool:  ER !0.6 [!2.8, 1.6] lag 0-1 
London  
ER 1.0 [0.0, 2.1] lag 0-1 
ER 1.1 [0.2, 2.0] lag 2 
Warm:  ER 0.6 [!0.8, 2.0] lag 0-1 
Cool:  ER 1.3 [!0.1, 2.8] lag 0-1 
 
Respiratory 65+ years 
Hong Kong  
ER 1.8 [1.2, 2.4] lag 0-1 
ER 1.3 [0.8, 1.8] lag 0 
Warm:  ER 0.8 [0.1, 1.6] lag 0-1 
Cool:  ER 3.0 [2.1, 3.9] lag 0-1 
+O3:  ER 1.6 [1.0, 2.3] lag 0-1 
+PM10:  ER 1.7 [0.8, 2.7] lag 0-1 
+SO2:  ER 1.6 [0.8, 2.4] lag 0-1 
London  
ER -0.1 [!0.6, 0.5] lag 0-1 
ER 0.9 [0.5, 1.3] lag 3 
Warm:  ER 0.6 [!0.2, 1.4] lag 0-1 
Cool:  ER !0.7 [!1.4, 0.0] lag 0-1 
+O3:  ER !0.1 [!0.5, 0.6] lag 0-1 
+PM10:  ER !0.4 [!1.2, 0.4] lag 0-1 
+SO2:  ER !0.2 [!0.9, 0.5] lag 0-1 
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TABLE AX6.3-1 (cont’d).  RESPIRATORY HEALTH EFFECTS OF OXIDES OF NITROGEN:  
HOSPITAL ADMISSIONS 

Reference, Study 
Location, & Period Outcomes, Design, & Methods 

Mean Levels & 
Monitoring Stations 

Copollutants & 
Correlations 

Effects:  Relative Risk or Percent Change & 
Confidence Intervals (95%) 

EUROPE (cont’d) 
Anderson et al. (1998) 
London, England 
 
Period of Study:  April 
1987-February 1992 
 
Days:  1,782 

Outcomes (ICD 9):  Asthma (493) 
Age groups analyzed:  <15, 15-64, 65+ 
Study Design:  Ti 
N:  16 
Statistical Analyses:  APHEA protocol, 
Poisson regression 
Covariates:  Time trends, seasonal 
cycles, day of wk, public holidays, 
influenza epidemics, temperature, 
humidity  
Season:  Cool (Oct-Mar); Warm 
(Apr-Sep) 
Dose-Response Investigated?:  Yes 
Statistical Package:  S 
Lag:  0,1,2 days 

24-h avg NO2 (ppb) 
Mean:  37.2 
SD:  12.3 
Range:  14, 182 
5th:  22 
10th:  25 
25th:  30 
50th:  36 
75th:  42 
90th:  50 
95th:  58 
 
1-h max NO2 (ppb) 
Mean:  57.2 
SD:  23.0 
Range:  21, 370 
5th:  35 
10th:  38 
25th:  44 
50th:  52 
75th:  64 
90th:  81 
95th:  98 
 
Number of stations:  2 
 

O3 
SO2 
BS 

Increment:  10 ppb in 24 h NO2 
 
0-14 yrs 
Whole year RR 1.25 [0.3, 2.2] lag 2;  RR 1.77 [0.39, 
3.18] lag 0-3 
+ O3      RR 1.13 [!0.10, 2.36] lag 2 
+ SO2    RR 0.97 [!0.05, 1.99] lag 2 
+ BS      RR 2.26 [0.83, 3.71] lag 2 
Warm season RR 1.42 [!0.3, 3.17] lag 2; RR 3.01 
[3.8, 5.72] lag 0-3 
Cool season RR 1.18 [0.02, 2.35] lag 2; RR 1.22  
[!0.48, 2.96] lag 0-3 
15-64 yrs 
Whole year RR 0.95 [!0.26, 2.17] lag 0; RR 0.99 
[!0.36, 3.36] lag 0-1 
Warm RR 0.46 [!1.70, 2.67] lag 0; RR 0.05 
[!2.45, 2.61] lag 0-1 
Cool season RR 1.21 [!0.22, 2.5] lag 0; RR 1.43 
[!0.18, 3.06] lag 0-1 
65+ yrs 
Whole year RR 2.96 [0.67, 5.31] lag 2; RR 3.14 
[!0.04, 6.42] lag 0-3 
+ O3        RR 4.51 [1.43, 7.69] lag 2 
+ SO2      RR 2.49 [!0.25, 5.31] lag 2 
+ BS       RR 1.88 [!1.49, 5.36] lag 2 
Warm        RR 1.89 [!2.41, 6.38] lag 2;  
RR !1.76 [!7.27, 4.07] lag 0-3 
Cool season RR 3.52 [0.81, 6.30] lag 2; RR 5.57 
[1.85, 9.43] lag 0-3 
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TABLE AX6.3-1 (cont’d).  RESPIRATORY HEALTH EFFECTS OF OXIDES OF NITROGEN:  
HOSPITAL ADMISSIONS 

Reference, Study 
Location, & Period 

Outcomes, Design, & 
Methods 

Mean Levels & 
Monitoring Stations 

Copollutants & 
Correlations 

Effects:  Relative Risk or Percent Change & 
Confidence Intervals (95%) 

EUROPE (cont’d) 
Anderson et al. (1998) 
(cont’d) 
 

   + O3        RR 5.14 [0.69, 9.79] lag 2 
+ SO2     RR 2.10 [!1.08, 5.39] lag 2 
+ BS       RR 4.47 [!0.04, 9.19] lag 2 
All ages 
Whole year RR 1.25 [0.49, 2.02] lag 2; RR 2.05 [0.96, 
3.15] lag 0-3 
+ O3        RR 1.08 [0.12, 2.05] lag 2 
+ SO2     RR 0.99 [0.18, 1.81] lag 2 
+ BS       RR 1.23 [0.47, 2.00] lag 2 
Warm          RR 1.15 [!0.25, 2.57] lag 2; RR 1.54 
[-0.54, 3.67] lag 0-3 
Cool season RR 1.30 [0.38, 2.23] lag 2; RR 2.26 [0.94, 
3.59] lag 0-3 
+ O3        RR 0.50 [!0.79, 1.81] lag 2 
+ SO2     RR 1.10 [0.12, 2.08] lag 2 
+ BS       RR 1.29 [0.37, 2.22] lag 2 

Prescott et al. (1998) 
Edinburgh, United 
Kingdom 
 
Period of Study:  10/92-
6/95 
 
 

Outcomes (ICD 9):  Pneumonia 
(480-7), COPD + Asthma (490-
496) 
Age groups analyzed:  <65, 65+ 
Study Design:  Time series 
Statistical Analyses:  Poisson log 
linear regression 
Covariates:  Trend, seasonal and 
wkly variation, temperature, wind 
speed, day of wk 
Lag:  0,1 or 3 day rolling avg 
 

NO2:  26.4 ± 7.0 ppb 
Min:  9 ppb 
Max:  58 ppb 
IQR:  10 ppb 
 
# of Stations:  1 

CO 
PM10 
SO2 
O3 
BS 

Increment:  10 ppb  
 
Respiratory admissions 
>65 yrs 
3.1 [!4.6, 11.5] rolling 3 day avg 
<65 yrs 
!0.2% [!7.5, 7.7] rolling 3 day avg 
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TABLE AX6.3-1 (cont’d).  RESPIRATORY HEALTH EFFECTS OF OXIDES OF NITROGEN:   
HOSPITAL ADMISSIONS 

Reference, Study 
Location, & Period Outcomes, Design, & Methods 

Mean Levels & 
Monitoring Stations 

Copollutants & 
Correlations 

Effects:  Relative Risk or Percent 
Change & Confidence Intervals (95%) 

EUROPE (cont’d) 
Thompson et al. (2001) 
Belfast, Northern Ireland 
 
Period of Study:   
1993-1995 

Outcomes:  Asthma 
ICD9:  NR 
Age groups analyzed:  0-14 
Study Design:  Time series 
N:  1,095 
Number of hospitals:  1 
Statistical Analyses:  Poisson regression 
Covariates:  Season, long-term trend, 
temperature, day of wk, holidays 
Season:  Warm (May-Oct), Cold  
(Nov-Apr) 
Statistical Package:  Stata 
Lag:  0,1,2,3 days 
 

24 h mean:   
Warm:  19.2 (7.9) ppb; 
range:  13-23 
Cold:  23.3 (9.0) ppb; 
range:  18-28 
 

SO2 r = 0.82 
PM10 r = 0.77 
CO r = 0.69 
O3 r = !0.62 
NOx r = 0.93 
log (NO) r = 0.84 
log (CO) r = 0.69 

Increment:  10 ppb 
 
All seasons 
RR 1.08 [1.03, 1.13] lag 0 
RR 1.11 [1.05, 1.17] lag 0-1 
RR 1.10 [1.04, 1.17] lag 0-2 
RR 1.12 [1.03, 1.02] lag 0-3 
Warm season 
RR 1.14 [1.04, 1.26] lag 0-1 
Cold season 
RR 1.10 [1.03, 1.17] lag 0-1 
NO2 + Benzene 
RR 0.99 [0.87, 1.13] lag 0-1 
*Model made no allowance for possible 
autocorrelation in the data or for extra-Poisson 
variation 
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TABLE AX6.3-1 (cont’d).  RESPIRATORY HEALTH EFFECTS OF OXIDES OF NITROGEN:   
HOSPITAL ADMISSIONS 

Reference, Study 
Location, & Period Outcomes, Design, & Methods 

Mean Levels & 
Monitoring Stations 

Copollutants & 
Correlations 

Effects:  Relative Risk or Percent Change 
& Confidence Intervals (95%) 

EUROPE (cont’d) 
Hagen et al. (2000) 
Drammen, Norway 
 
Period of Study:   
1994-1997 
 
 

Outcomes (ICD 9):  All respiratory 
admissions (460-519) 
Age groups analyzed:  All ages 
Study Design:  Time series 
Number of hospitals:  1 
Statistical Analyses:  Poisson regression 
with GAM (adhered to HEI phase 1.B 
report) 
Covariates:  Time trends, day of wk, 
holiday, influenza, temperature, humidity 
Lag:  0,1,2,3 days 
 

NO2 24-h avg (µg/m3):   
36.15, SD = 16 
 
IQR:  16.92 µg/m3 
 
# of Stations:  2 

PM10 r = 0.61 
SO2 r = 0.58 
benzene r = 0.31 
NO r = 0.70 
O3 r = !0.47 
Formaldehyde 
r = 0.68 
Toluene r = 0.65 

Increment:  NO2:  16.92 µg/m3 (IQR); NO:  
29µg/m3 (IQR) 
 
Single-pollutant model 
Respiratory disease only 
NO2:  RR 1.058 [0.994, 1.127]  
NO:  1.048 [1.013, 1.084] 
All disease 
NO2:  RR 1.011 [0.988, 1.035]  
 
Two-pollutant model with PM10 
NO2 1.044 [0.966, 1.127]  
NO:  1.045 [1.007, 1.084] 
 
Three-pollutant model with PM10 + Benzene 
NO2 1.015 [0.939, 1.097]  
NO:  1.031 [0.986, 1.077] 
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Copollutants & 
Correlations 

Effects:  Relative Risk or Percent Change 
& Confidence Intervals (95%) 

EUROPE (cont’d) 
Oftedal et al. (2003) 
Drammen, Norway 
 
Period of Study:   
1994-2000 

Outcomes (ICD 10):  All respiratory 
admissions (J00-J99) 
Age groups analyzed:  All ages 
Study Design:  Time series 
Statistical Analyses:  Semi-parametric 
Poisson regression, GAM with more 
stringent criteria 
Covariates:  Temperature, humidity, 
influenza 
Lag:  2,3 days 

Mean:  33.8 µg/m3, 
SD = 16.2 
 
IQR:  20.8 µg/m3 

PM10  
SO2 
O3  
Benzene 
Formaldehyde 
Toluene 

Increment:  20.8 µg/m3 (IQR) 
 
All respiratory disease 
 
Single-pollutant model 
RR 1.060 [1.017, 1.105] lag 3 
 
Two-pollutant model 
Adjusted for PM10      RR 1.063 [1.008, 1.120] 
Adjusted for benzene  RR 1.046 [1.002, 1.091] 

Pönkä and Virtanen 
(1994) 
Helsinki, Finland 
 
Period of Study:   
1987-1989 
 
Days:  1096 
 
 

Outcomes (ICD 9):  Chronic bronchitis and 
emphysema (493) 
Age groups analyzed:  <65, $65 
Study Design:  Time series 
Statistical Analyses:  Poisson regression 
Covariates:  Season, day of wk, year, 
influenza, humidity, temperature 
Season:  Summer (Jun-Aug), Autumn (Sep-
Nov), Winter (Dec-Feb), Spring (Mar-May) 
Lag:  0-7  days 

24 h mean:  39 µg/m3, 
SD = 16.2;  
range:  4, 170 
 
# of stations:  2 

SO2 
O3 
TSP 

Increment:  NR 
 
Chronic bronchitis and emphysema 
>65 yrs  
RR 0.87 [0.71, 1.07] lag 0 
RR 1.07 [0.86, 1.33] lag 1 
RR 1.16 [0.93, 1.46] lag 2 
RR 1.08 [0.86, 1.35] lag 3 
RR 0.94 [0.76, 1.18] lag 4 
RR 0.90 [0.72, 1.12] lag 5 
RR 1.31 [1.03, 1.66] lag 6 
RR 0.82 [0.67, 1.01] lag 7 
<65 yrs  
NR 

 
 

 



 

TABLE AX6.3-1 (cont’d).  RESPIRATORY HEALTH EFFECTS OF OXIDES OF NITROGEN:   
HOSPITAL ADMISSIONS 

Reference, Study 
Location, & Period Outcomes, Design, & Methods 

Mean Levels & 
Monitoring Stations 

Copollutants & 
Correlations 

Effects:  Relative Risk or Percent Change & 
Confidence Intervals (95%) 

EUROPE (cont’d) 
Dab+ et al. (1996) 
Paris, France 
 
Period of Study :  
1/1/87-9/30/92 

Outcomes (ICD 9):  All respiratory (460-
519), Asthma (493), COPD (490-496) 
Age groups analyzed:  All ages 
Study Design:  Time series 
Number of hospitals:  27 
Statistical Analyses:  Poisson regression, 
followed APHEA protocol 
Covariates:  Temperature, relative 
humidity, influenza, long-term trend, 
season, holiday, medical worker strike 
Lag:  0,1,2 days, 0-3 cumulative 

NO2 24-h avg:  45 µg/m3  
5th:  22, 99th:  108.3 
 
Daily maximum 1 h 
concentration:  73.8 µg/m3 
5th:  37.5, 99th:  202.7 

SO2 
O3 
PM13 
BS 
 

Increment:  100 µg/m3  
 
All respiratory (1987-1990) 
24-h avg NO2  RR 1.043 [0.997, 1.090] lag 0 
1-h max NO2  RR 1.015 [0.993, 1.037] lag 0 
 
Asthma (1987-1992) 
24-h avg  RR 1.175 [1.059, 1.304] lag 0-1 
1-h max  RR 1.081 [1.019, 1.148] lag 0-1 
 
COPD  
24-h avg  RR 0.974 [0.898, 1.058] lag 2 
1-h max  RR 0.961 [0.919, 1.014] lag 2 
 

Llorca et al. (2005) 
Torrelavega, Spain 
 
Period of Study:   
1992-1995 
 
Days:  1,461 
 
 

Outcomes (ICD 9):  All respiratory 
admissions (460-519) 
Age groups analyzed:  All ages 
Study Design:  Time series 
Number of hospitals:  1 
Statistical Analyses:  Poisson regression 
Covariates:  Short and long-term trends 
Statistical Package:  Stata 
Lag:  NR 

24-h avg NO2:  
21.3 µg/m3, SD = 16.5 
 
24-h avg NO:  12.2 µg/m3, 
SD = 15.2 
 
# of Stations:  3 

SO2 r = 0.588 
NO r = 0.855 
TSP r = -0.12 
SH2 r = 0.545 

Increment:  100 µg/m3 
 
Single-pollutant model 
All cardio-respiratory admissions 
NO2:  RR 1.37 [1.26, 1.49] 
NO:  RR 1.33 [1.22, 1.46] 
Respiratory admissions 
NO2:  RR 1.54 [1.34, 1.76] 
NO:  RR 1.35 [1.17, 1.56] 
 
5-pollutant model 
All cardio-respiratory admissions 
NO2:  RR 1.20 [1.05, 1.39] 
NO:  RR 0.93 [0.79, 1.09] 
Respiratory admissions 
NO2:  RR 1.69 [1.34, 2.13] 
NO:  RR 0.87 [0.67, 1.13] 
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TABLE AX6.3-1 (cont’d).  RESPIRATORY HEALTH EFFECTS OF OXIDES OF NITROGEN:  
HOSPITAL ADMISSIONS 

Reference, Study 
Location, & Period Outcomes, Design, & Methods 

Mean Levels & 
Monitoring Stations 

Copollutants & 
Correlations 

Effects:  Relative Risk or Percent Change 
& Confidence Intervals (95%) 

EUROPE (cont’d) 
Migliaretti and Cavallo 
(2004) 
Turin, Italy 
 
Period of Study:   
1997-1999 

Outcome(s) (ICD 9):  Asthma (493) 
Age groups analyzed:  <4, 4-15 
Study Design:  Case-Control 
Controls:  age matched with other 
respiratory disease (ICD9:  460-7, 490-2, 
494-6, 500-19) 
N:  cases = 734, controls = 25,523 
Statistical Analyses:  logistic regression  
Covariates:  seasonality, temperature, 
humidity, solar radiation 
Seasons:  Cold:  Oct-Mar; Warm:  Apr-Sep 
Statistical Package:  SPSS 
Lag:  0-3 days and cumulative 
 

 
Controls:  
Mean:  113.3 µg/m3, 
SD = 30.5 
 
Cases:   
Mean:  117.4 µg/m3, 
SD = 29.7 

TSP 
 
 

Increment:  10 µg/m3  
 
<4 yrs 2.8% [0.03, 5.03] lag 1-3 cumulative 
4-15 yrs 2.7% [!0.01, 6.06] lag 1-3 cumulative 
All ages 2.8% [0.07, 4.09] lag 1-3 cumulative 
 
Two-pollutant model adjusted for TSP 
NO2 2.1% [!0.1, 5.6] 

Fusco* et al. (2001) 
Rome, Italy 
 
Period of Study :  
1/1/95-10/31/97 
 

Outcomes (ICD 9):  All respiratory (460-
519 excluding 470-478), Asthma (493), 
COPD (490-492, 494-496), Respiratory 
infections (460-466, 480-486) 
Age groups analyzed:  0-14, all ages 
Study Design:  Time series 
Statistical Analyses:  Semi-parametric 
Poisson regression with GAM 
Covariates:  Influenza, day, temperature, 
humidity, day of wk, holiday 
Season:  Warm (Apr-Sep), Cold (Oct – Mar) 
Statistical Package:  S-Plus 4 
Lag:  0-4 days 
 

NO2 24-h avg (µg/m3):  
86.7, 
SD = 16.2 
 
IQR:  22.3 µg/m3 
 
# of stations:  5;  
r = 0.66-0.79 

PM10:   
All year r = 0.35 
Cold r = 0.50 
Warm r = 0.25 
SO2:   
All year r = 0.33 
Cold r = 0.40 
Warm r = 0.68 
CO:   
All year r = 0.31 
Cold r = 0.41 
Warm r = 0.59 
O3:   
All year r = 0.19 
Cold r = 0.19 
Warm r = 0.13 

Increment:  22.3 µg/m3 (IQR) 
 
All respiratory 
All ages  2.5% [0.9, 4.2] lag 0 
0-14 yrs  4.0% [0.6, 7.5] lag 0 
Respiratory infections 
All ages  4.0% [1.6, 6.5] lag 0 
0-14 yrs  4.0% [0.2, 8.0] lag 0 
Asthma  
All ages  4.6% [!0.5, 10.0] lag 0 
0-14 yrs  10.7% [3.0, 19.0] lag 1 
COPD  
$65 yrs 2.2% [!0.7, 5.2] lag 0 
 
Multipollutant models 
All respiratory (NO2 + CO) 
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TABLE AX6.3-1 (cont’d).  RESPIRATORY HEALTH EFFECTS OF OXIDES OF NITROGEN:  
HOSPITAL ADMISSIONS 

Reference, Study 
Location, & Period Outcomes, Design, & Methods 

Mean Levels & 
Monitoring Stations 

Copollutants & 
Correlations 

Effects:  Relative Risk or Percent Change & 
Confidence Intervals (95%) 

EUROPE (cont’d) 
Fusco* et al. (2001) 
(cont’d) 

   All ages :  0.9% [!0.8, 2.8] lag 0 
0-14 yrs :  3.3% [!0.2, 6.9] lag 0 
Acute infections (NO2 + CO) 
All ages :  3.9% [1.3, 6.7] lag 0 
0-14 yrs :  2.9% [!1.0, 7.0] lag 0 
Asthma (NO2 + CO) 
All ages :  1.4% [!3.9, 7.1] lag 0 
0-14 yrs :  8.3% [!0.1, 17.4] lag 1 
COPD (NO2 + CO) 
$65 yrs:  !1.0%[!4.1, 2.2] lag 0 
 

Pantazopoulou et al. 
(1995) 
Athens, Greece 
 
Period of Study :  1988 
 
 

Outcomes:  All respiratory admissions 
ICD9: NR 
Age groups analyzed:  All ages 
Study Design:  Time series 
N:  15,236 
Number of hospitals:  14 
Statistical Analyses:  Multiple linear 
regression 
Covariates:  Season, day of wk, holiday, 
temperature, relative humidity 
Season:  Warm (3/22-9/21), Cold (1/1-3/21 
and 9/22-12/31) 
Lag:  NR 
 

NO2 24-h avg 
 
Winter:  94 µg/m3, 
SD = 25 
5th:  59, 50th:  93, 95th:  
135 
 
Summer:  111 µg/m3, 
SD = 32 
5th:  65, 50th:  108, 
95th:  173 
 
# of stations:  2 

CO 
BS 
 

Increment:  76 µg/m3 in winter and 108 µg/m3 in 
summer (95th-5th) 
 
Respiratory disease admissions 
 
Winter:  Percent increase:  24% [6.4, 43.5] 
 
Summer:  Percent increase:  9.3% [!14.1, 24.4] 
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TABLE AX6.3.1 (cont’d).  RESPIRATORY HEALTH EFFECTS OF OXIDES OF NITROGEN:   
HOSPITAL ADMISSIONS 

Reference, Study 
Location, & Period Outcomes, Design, & Methods 

Mean Levels & 
Monitoring Stations 

Copollutants & 
Correlations 

Effects:  Relative Risk or Percent Change & 
Confidence Intervals (95%) 

LATIN AMERICA 
Gouveia and Fletcher, 
(2000a) 
 
São Paulo, Brazil 
 
Period of Study:   
11/92-9/94 
 

Outcomes (ICD 9):  All respiratory; 
Pneumonia (480-486); asthma or bronchitis 
(466, 490, 491, 493) 
Age groups analyzed:  <1; <5 years 
Study Design:  Time series 
Statistical Analyses:  Poisson regression 
Covariates:  Long-term trend, season, 
temperature, relative humidity, day of wk, 
holiday, strikes in public transport or health 
services 
Season:  Cool (May-Oct), Warm (Nov-Apr) 
Statistical Package:  SAS 
Lag:  0, 1, 2 days 
 

1-h max NO2 (µg/m3) 
Mean:  174.3 
SD:  101.3 
Range:  26.0, 692.9 
5th:  62.0 
25th:  108.8 
50th:  151.7 
75th:  210.0 
95th:  388.0 
 
# of stations:  4 

SO2 r = 0.37 
PM10 r = 0.40 
CO r = 0.35 
O3 r = 0.25 

Increment:  319.4 µg/m3  (90th-10th) 
 
All Respiratory 
<5 years  RR 1.063 [0.999, 1.132] lag 0 
<5 years + O3  RR 1.050 [0.985, 1.120] 
<5 years + PM10  RR 1.043 [0.972, 1.119] 
<5 years + O3+ PM10  RR  1.035 [0.963, 1.113] 
<5 years Cool  RR 1.04 [0.96, 1.11] (estimated from 
graph) 
<5 years Warm RR 1.09 [1.01, 1.16] (estimated from 
graph) 
 
Pneumonia 
<5 years  RR 1.093 [1.016, 1.177] lag 0 
<1 year   RR 1.091 [0.996, 1.193] lag 0 
 
Asthma 
<5 years  RR 1.107 [.0.940, 1.300] lag 2 
 

Braga* et al. (2001) 
São Paulo, Brazil 
 
Period of Study:   
1/93-11/97 

Outcomes (ICD 9):  All respiratory 
admissions (460-519) 
Age groups analyzed:  0-19, #2, 3-5,  
6-13, 14-19 
Study Design:  Time series 
Statistical Analyses:  Poisson regression 
with GAM 
Covariates:  Long-term trend, season, 
temperature, relative humidity, day of wk, 
holiday 
Statistical Package:  S-Plus 4.5 
Lag:  0-6 moving avg 

NO2 mean:  
141.4 µg/m3, SD = 71.2  
 
IQR:  80.5 µg/m3 
 
Range:  25, 652.1 
 
# of stations:  5-6 
 
 

PM10 r = 0.62 
SO2 r = 0.54 
CO r = 0.58 
O3 r = 0.34 

Increment:  80.5 µg/m3 (IQR) 
 
All Respiratory admissions 
<2 yrs 9.4% [6.2, 12.6] lag 5 
3-5 yrs 1.6% [!6.4, 9.6] 
6-13 yrs 2.3% [!5.9, 10.4] 
14-19 yrs -3.0% [!15.7, 9.7] 
All ages 6.5% [3.3, 9.7] 
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TABLE AX6.3-1 (cont’d).  RESPIRATORY HEALTH EFFECTS OF OXIDES OF NITROGEN:  
HOSPITAL ADMISSIONS 

Reference, Study 
Location, & Period Outcomes, Design, & Methods 

Mean Levels & 
Monitoring Stations 

Copollutants & 
Correlations 

Effects:  Relative Risk or Percent Change & 
Confidence Intervals (95%) 

LATIN AMERICA (cont’d) 
Farhat* et al. (2005) 
São Paulo, Brazil 
 
Period of Study:  8/96-
8/97 
 
Days:  396 
 
 

Outcomes (ICD 9):  
Pneumonia/bronchiopheumonia (480-6), 
asthma (493), bronchiolitis (466), 
Obstructive disease 493, 466) 
Age groups analyzed:  <13 
Study Design:  Time series 
N:  1,021 
Number of hospitals:  1 
Statistical Analyses:  Poisson regression 
with GAM 
Covariates:  Time, temperature, humidity, 
day of wk, season 
Statistical package:  S-Plus 
Lag:  0-7 days, 2,3,4 day moving avg 
 
 

Mean:  125.3 µg/m3  
SD = 51.7 
 
IQR:  65.04 µg/m3 
 
Range:  42.5, 369.5 

PM10 r = 0.83 
SO2 r = 0.66 
CO r = 0.59 
O3 r = 0.47 

Increment:  65.04 µg/m3 (IQR) 
 
Single pollutant models (estimated from graphs) 
 
Asthma:  ≈ 32% [8,56] lag 0-2 
Pneumonia:  ≈ 17.5% [2.5, 32.5] lag 0-3 
Asthma or Bronchiolitis  
NO2 + PM10 47.7% [1.15, 94.2] lag 0-2 
NO2 + SO2 33.1% [5.7, 60.5] lag 0-2 
NO2 + CO 28.8% [!0.2, 57.9] lag 0-2 
NO2 + O3 28.0% [!1.0, 57.0] lag 0-2 
Multipollutant model (PM10, SO2, CO, O3) 
39.3% [!14.9, 93.5] 2 day avg. 
Pneumonia or bronchopneumonia 
NO2 + PM10 8.11% [!11.4, 27.6] lag 0-2 
NO2 + SO2 13.1% [!3.4, 29.7] lag 0-2 
NO2 + CO 12.4% [!5.6, 30.4] lag 0-2 
NO2 + O3 14.6% [!4.9, 34.1] lag 0-2 
Multipollutant model (PM10, SO2, CO, O3) 
1.8% [!23.9, 27.6] lag 0-2 
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TABLE AX6.3-1 (cont’d).  RESPIRATORY HEALTH EFFECTS OF OXIDES OF NITROGEN:  
HOSPITAL ADMISSIONS 

Reference, Study 
Location, & Period Outcomes, Design, & Methods 

Mean Levels & 
Monitoring Stations 

Copollutants & 
Correlations 

Effects:  Relative Risk or Percent Change 
& Confidence Intervals (95%) 

ASIA 
Lee et al. (2006) 
Hong Kong, China 
 
Period of Study:  1997-
2002 
 
Days:  2,191 
 

Outcomes (ICD 9):  Asthma (493) 
Age groups analyzed:  #18 
Study Design:  Time series 
N:  26,663 
Statistical Analyses:  Semi-parametric 
Poisson regression with GAM (similar to 
APHEA 2) 
Covariates:  Long-term trend, temperature, 
relative humidity, influenza, day of wk, 
holiday 
Statistical package:  SAS 8.02 
Lag:  0-5 days 

NO2 24 h mean:  
64.7 µg/m3, SD = 20.9 
 
IQR:  27.1 µg/m3   
 
25th:  49.7, 75th:  76.8 
 
# of stations:  9-10, 
r = 0.53, 0.94,  
mean = 0.78 
 

PM10 r = 0.78 
PM2.5 r = 0.75 
SO2 r = 0.49 
O3 r = 0.35 
 
 

Increment:  27.1 µg/m3 (IQR) 
 
Asthma 
Single-pollutant model 
4.37% [2.51, 6.27] lag 0 
5.88% [4.00, 7.70] lag 1 
7.19% [5.37, 9.04] lag 2 
9.08% [7.26, 10.93] lag 3 
7.64% [5.84, 9.48] lag 4 
6.40% [4.60, 8.22] lag 5 
 
Multipollutant model – including PM, SO2, and O3 
5.64% [3.21, 8.14] lag 3 
Other lags NR 
 

Chew et al. (1999) 
Singapore 
 
Period of Study:   
1990-1994 
 
 

Outcome(s) (ICD 9):  Asthma (493) 
Age groups analyzed:  3-12, 13-21 
Study Design:  Time series 
N:  23,000 
# of Hospitals:  2 
Statistical Analyses:  Linear regression, 
GLM 
Covariates:  variables that were significantly 
associated with ER visits were retained in 
the model 
Statistical Package:  SAS/STAT, SAS/ETS 
6.08 
Lag:  1,2 days avgs 

24-h avg:  18.9 µg/m3, 
SD = 15.0, max < 40 
 
# of Stations: 15 

SO2; r = !0.22 
O3; r = 0.17 
TSP; r = 0.23 

Categorical analysis (via ANOVA) p-value and 
Pearson correlation coefficient (r) using continuous 
data comparing daily air pollutant levels and daily 
number of hospital admissions 
 
Age Group:  3-12 13-21 
 
Lag 0 r = 0.13 r = 0.05 
 p = 0.013 p < 0.18 
Lag 1 r = 0.13 r = 0.02 
 P = 0.02 p = 0.75 
Lag 2 r = 0.13 r = 0.07 
 p = 0.012 p = 0.35 
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TABLE AX6.3-1 (cont’d).  RESPIRATORY HEALTH EFFECTS OF OXIDES OF NITROGEN:  
HOSPITAL ADMISSIONS 

Reference, Study 
Location, & Period Outcomes, Design, & Methods 

Mean Levels & 
Monitoring Stations 

Copollutants & 
Correlations 

Effects:  Relative Risk or Percent Change 
& Confidence Intervals (95%) 

ASIA (cont’d) 
Tsai et al. (2006) 
Kaohsiung, Taiwan 
 
Period of Study:   
1996-2003 
 
Days:  2922 
 
 

Outcomes (ICD 9):  Asthma (493) 
Study Design:  Case-crossover 
N:  17,682 
Statistical Analyses:  Conditional logistic 
regression 
Covariates:  Temperature, humidity 
Season:  Warm ($25ºC); Cool (<25ºC) 
Statistical package:  SAS 
Lag:  0-2 days cumulative 
 

NO2 24 h mean:  27.20 
ppb 
IQR:  17 ppb 
Range:  4.83, 63.40 
 
 
# of stations:  6 

PM10 
SO2 
O3 
CO 

Increment:  17 ppb (IQR) 
 
Seasonality 
Single-pollutant model 
>25°C 1.259 [1.111, 1.427] lag 0-2 
<25°C 2.119 [1.875, 2.394] lag 0-2 
Dual-pollutant model 
Adjusted for PM10 
>25°C 1.082 [0.913, 1.283] lag 0-2 
<25°C 2.105 [1.791, 2.474] lag 0-2 
Adjusted for CO 
>25°C 0.949 [0.792, 1.137] lag 0-2 
<25°C 2.30 [1.915, 2.762] lag 0-2 
Adjusted for SO2 
>25°C 1.294 [1.128, 1.485] lag 0-2 
<25°C 2.627 [2.256, 3.058] lag 0-2 
Adjusted for O3 
>25°C 1.081 [0.945, 1.238] lag 0-2 
<25°C 2.096 [1.851, 2.373] lag 0-2 
 

Lee* et al. (2002) 
Seoul, Korea 
 
Period of Study:   
12/1/97-12/31/99 
 
Days:  822 

Outcomes (ICD 10):  Asthma (J45 – J46) 
Age groups analyzed:  <15 
Study Design:  Time series 
N:  6,436 
Statistical Analyses:  Poisson regression, log 
link with GAM 
Covariates:  Time, day of wk, temperature, 
humidity 
Season:  Spring (Mar-May), Summer (Jun-
Aug), Fall (Sep-Nov), Winter (Dec-Feb) 
Statistical package:  NR 
Lag:  0-2 days cumulative 

24 h NO2 (ppb) 
Mean:  31.5 
SD:  10.3 
5th:  16.0 
25th:  23.7 
50th:  30.7 
75th:  38.3 
95th:  48.6 
 
# of stations:  27 
 

SO2 r = 0.72 
O3 r = !0.07 
CO r = 0.79 
PM10 r = 0.74 

Increment:  14.6 ppb (IQR) 
 
Asthma 
NO2 RR 1.15 [1.10, 1.20] lag 0-2 
NO2 + PM10 RR 1.13 [1.07, 1.19] lag 0-2 
NO2 + SO2 RR 1.20 [1.11, 1.29] lag 0-2 
NO2 + O3 RR 1.14 [1.09, 1.20] lag 0-2 
NO2 + CO RR 1.12 [1.03, 1.22] lag 0-2 
NO2 + O3 + CO + PM10 + SO2 RR 1.098 [1.002, 
1.202] 

A
ugust 2007 

A
X

6-40 
D

R
A

FT-D
O

 N
O

T Q
U

O
TE O

R
 C

ITE  

 



 

TABLE AX6.3-1 (cont’d).  RESPIRATORY HEALTH EFFECTS OF OXIDES OF NITROGEN:   
HOSPITAL ADMISSIONS 

Reference, Study 
Location, & Period Outcomes, Design, & Methods 

Mean Levels & 
Monitoring Stations 

Copollutants & 
Correlations 

Effects:  Relative Risk or Percent Change & 
Confidence Intervals (95%) 

ASIA (cont’d) 
Wong et al. (1999) 
Hong Kong, China 
 
Period of Study:   
1994-1995 

Outcomes (ICD 9):  All respiratory 
admissions (460-6, 471-8, 480-7, 490-6); 
Asthma (493), COPD (490-496), Pneumonia 
(480-7) 
Age groups analyzed:  0-4, 5-64, $65, all 
ages 
# of hospitals:  12 
Study Design:  Time series 
Statistical Analyses:  Poisson regression 
(followed APHEA protocol) 
Covariates:  Trend, season, day of wk, 
holiday, temperature, humidity 
Statistical package:  SAS 8.02 
Lag:  days 0-3 cumulative 
 

Median 24 h NO2:  
51.39 µg/m3 
 
Range:  16.41, 122.44 
25th:  39.93, 75th:  66.50 
 
# of stations:  7, 
r = 0.68, 0.89  

O3 
SO2 
PM10 r = 0.79 

Increment = 10 µg/m3  
 
Overall increase in admissions:   
1.020 [1.013, 1.028] lag 0-3 
 
Respiratory Relative Risks (RR) 
0-4 yrs:  1.020 [1.010, 1.030] lag 0-3 
5-64yrs:  1.023 [1.011, 1.034] lag 0-3 
>65 yrs:  1.024 [1.014, 1.035] lag 0-3 
Cold Season:  1.004 [0.988, 1.020] 
NO2 + high PM10:  1.009 [0.993, 1.025] 
NO2 + high O3:  1.013 [0.999, 1.026] 
 
Asthma:  1.026 [1.01, 1.042] lag 0-3 
COPD:  1.029 [1.019, 1.040] lag 0-3 
Pneumonia:  1.028 [1.015, 1.041] lag 0-3 
 

Wong et al. (2001a) 
Hong Kong, China 
 
Period of Study:  1993-
1994 

Outcomes (ICD 9):  Asthma (493) 
Age groups analyzed:  #15 
N:  1,217 
# of hospitals:  1 
Study Design:  Time series 
Statistical Analyses:  Poisson regression 
(followed APHEA protocol) 
Covariates:  Season, temperature, humidity 
Season:  Summer (Jun-Aug), Autumn (Sep-
Nov), Winter (Dec-Feb), Spring (Mar-May) 
Lag:  0,1,2,3,4,5 days; and cumulative 0-2 
and 0-3 days. 

24-h avg  
NO2 mean:  43.3 µg/m3, 
SD = 16.6 
Range:  9, 106 µg/m3 
 
Autumn:  51.7 (17.6) 
Winter:  46.6 (15.5) 
Spring:  40.7 (11.8) 
Summer:  32.6 (13.7) 
 
# of stations:  9 

PM10 
SO2 
 

Increment:  10 µg/m3  
 
Asthma 
All year:  1.08 p = 0.001 
Autumn:  1.08 p = 0.017 
Winter:  NR 
Spring:  NR 
Summer:  NR 

*Default GAM 
+Did not report correction for over-dispersion 
NR:  Not Reported 
APHEA:  Air Pollution and Health:  A European Approach 
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TABLE AX6.3-2.  RESPIRATORY HEALTH EFFECTS OF OXIDES OF NITROGEN:   
EMERGENCY DEPARTMENT VISITS 

Reference, Study 
Location, & Period Outcomes, Design, & Methods 

Mean Levels of NO2 & 
Monitoring Stations 

Copollutant 
Correlations 

Effects and Interpretation: 
Relative Risk & Confidence Intervals (95%) 

UNITED STATES 
Jaffe et al. (2003) 
3 cities, Ohio, 
United States 
(Cleveland, 
Columbus, 
Cincinnati) 
 
Period of Study: 
7/91-6/96 
 
 

Outcome (ICD-9):  Asthma (493) 
Age Groups Analyzed:  5-34 
Study Design:  Time series 
N:  4,416 
Statistical Analyses:  Poisson 
regression using a standard GAM 
approach 
Covariates:  city, day of wk, wk, 
yr, minimum temperature, overall 
trend, dispersion parameter 
Season:  June to August only 
Dose-response investigated:  Yes 
Statistical Package:  NR 
Lag:  0-3 days 
 

Cincinnati 
24-h avg:  50 ppb, 
SD = 15  
Cleveland 
24-h avg:  48 ppb, 
SD = 16  
 
NO2 was not monitored in 
Columbus due to 
relatively low levels 

Cincinnati: 
PM10; r = 0.36 
SO2; r = 0.07  
O3; r = 0.60  
 
Cleveland: 
PM10; 0.34 
SO2; r = 0.28 
O3; r = 0.42 
 
No 
multipollutant 
models were 
utilized. 
 

Increment:  10 ppb 
 
Cincinnati:  6% [!1.0, 13] lag 1 
Cleveland:  4% [!1, 8] lag 1 
All cities:  3% [!1.0,  7]  
 
Attributable risk from NO2 increment: 
Cincinnati 0.72 (RR 1.06) 
Cleveland 0.44 (RR 1.04) 
 
Regression diagnostics for Cincinnati showed 
significant linear trend during entire study period 
and for each wk (6/1-8/31).  No trends observed 
for Cleveland. 
 
Regression Models assessing exposure thresholds 
showed a possible dose-response for NO2 (percent 
increase after 40 ppb).  No increased risk until 
minimum concentration of 40 ppb was reached. 

Norris* et al. (1999) 
Seattle, WA, 
United States 
 
Period of Study: 
1995-1996 

Outcome (ICD-9):  Asthma (493) 
Age groups analyzed:  <18 yrs   
Study Design:  Time series 
N:  900 ER visits 
Statistical Analyses:  
Semi-parametric Poisson 
regression using GAM. 
Covariates:  day of wk, time 
trends, temperature, dew point 
temperature 
Dose-response investigated:  Yes 
Statistical Package:  NR 
Lag:  0,2 days 

24 h:  20.2 ppb, SD = 7.1 
IQR:  9 ppb 
 
1-h max:  34.0 ppb, 
SD = 11.3 
IQR:  12 ppb 

CO; r = 0.66 
PM; r = 0.66 
SO2; r = 0.25 

Increment:  IQR 
 
24-h avg (9 ppb increment) 
RR 0.99 [0.90, 1.08] lag 2  
 
1-h max (12 ppb increment) 
RR 1.05 [0.99, 1.12] lag 0  
 
Age and hospital utilization (high and low) 
segregation (<5, 5-11, and 12-17 yrs) did not 
figure significantly in the association between 
emergency room visits and asthma. 
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TABLE AX6.3-2 (cont’d).  RESPIRATORY HEALTH EFFECTS OF OXIDES OF NITROGEN:   
EMERGENCY DEPARTMENT VISITS 

Reference, Study 
Location, & Period Outcomes, Design, & Methods 

Mean Levels of NO2 & 
Monitoring Stations 

Copollutant 
Correlations 

Effects and Interpretation: 
Relative Risk & Confidence Intervals (95%) 

UNITED STATES (cont’d) 
Lipsett et al. (1997) 
Santa Clara County, 
California, 
United States 
 
Period of Study: 
1988-1992 

Outcome(s):  Asthma 
ICD-9 Code(s):  NR 
Age groups analyzed:  All 
Study Design:  Time series 
Statistical Analyses:  Poisson 
Regression; GEE repeated with 
GAM 
Covariates:  minimum 
temperature, day of study, 
precipitation, hospital, day of 
wk, yr, overdispersion parameter 
Season:  Winters only 
Statistical Package:  SAS, 
S-Plus, Stata 
Lag:  0-5 days 

NO2 1-h mean:  69 ppb, 
SD = 28 
Range:  29, 150 ppb 

PM10; r = 0.82 
COH; r = 0.8 
 
No multipollutant 
model due to high 
correlation between 
pollutants 

Same day NO2 was associated with ER visits 
for asthma ($ = 0.013, p = 0.024) 
 
Absence of association between lagged or 
multiday specifications of NO2 and asthma ER 
visits (data not shown) suggest that same day 
association may be artifact of covariation with 
PM10 
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TABLE AX6.3-2 (cont’d).  RESPIRATORY HEALTH EFFECTS OF OXIDES OF NITROGEN:   
EMERGENCY DEPARTMENT VISITS 

Reference, Study 
Location, & Period Outcomes, Design, & Methods 

Mean Levels of NO2 & 
Monitoring Stations 

Copollutant 
Correlations 

Effects and Interpretation: 
Relative Risk & Confidence Intervals (95%) 

UNITED STATES (cont’d) 
Peel et al. (2005) 
Atlanta, GA, United 
States 
 
Period of Study: 
1/93-8/2000 
 
 

Outcome(s) (ICD-9): All 
respiratory (460-6, 477, 480-6, 
480-6, 490-3, 496); Asthma (493); 
COPD (491-2, 496); Pneumonia 
(480-486); Upper Respiratory 
Infection (460-6, 477) 
Age groups analyzed:  All, 2-18 
Study Design:  Time series 
N:  484,830 
# of Hospitals:  31 
Statistical Analyses: Poisson 
Regression, GEE, GLM, and 
GAM (data not shown for GAM) 
Covariates: day of wk, hospital 
entry/exit, holidays, time trend; 
season, temperature, dew point 
temperature 
Statistical Package:  SAS, S-Plus 
Lag:  0 to 7 days.  3 day moving 
avgs. 

1-h max:  45.9 ppb,  
SD = 17.3 
 

O3; r = 0.42 
SO2; r = 0.34 
CO; r = 0.68 
PM10; 
r = 0.46 
 
Evaluated 
multipollutant 
models (data 
not shown) 

Increment:  20 ppb 
 
All respiratory 
RR 1.016 [1.006, 1.027] lag 0-2, 3 day moving avg 
Upper Respiratory Infection (URI) 
RR 1.019 [1.006, 1.031] lag 0-2, 3 day moving avg 
Asthma 
All:  1.014 [0.997, 1.030] lag 0-2, 3 day moving 
avg 
2-18:  1.027 [1.005, 1.050] lag 0-2, 3 day moving 
avg 
Pneumonia 
RR 1.000 [0.983, 1.019] lag 0-2, 3 day moving avg 
COPD 
RR 1.035 [1.006, 1.065] lag 0-2, 3 day moving avg 
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TABLE AX6.3-2 (cont’d).  RESPIRATORY HEALTH EFFECTS OF OXIDES OF NITROGEN:   
EMERGENCY DEPARTMENT VISITS 

Reference, Study 
Location, & Period Outcomes, Design, & Methods 

Mean Levels of NO2 & 
Monitoring Stations 

Copollutant 
Correlations 

Effects and Interpretation: 
Relative Risk & Confidence Intervals (95%) 

UNITED STATES (cont’d) 
Tolbert et al. (2000) 
Atlanta, GA, United 
States 
 
Period of Study: 
1993-1995 
 
 

Outcome(s) (ICD-9):  Asthma 
(493), wheezing (786.09), Reactive 
airways disease (RADS) (519.1) 
Age groups analyzed:  0-16; 2-5, 
6-10, 11-16 
Study Design:  Case-Control 
N:  5,934 
Statistical Analyses:  Ecological 
GEE analysis (Poisson model with 
logit link) and logistic regression 
Covariates:  day of wk, day of 
summer, yr, interaction of day of 
summer and yr 
Season:  Summers only 
Statistical Package:  SAS 
Lag:  1 day (a priori) 

NOx 1-h max 
continuous 
Mean:  81.7 ppb, 
SD = 53.8 
Range = 5.35, 306 
 
Number of stations:  2 

PM10; r = 0.44 
O3; r = 0.51  
 

Increment:  50 ppb 
 
Age 0-16: 
RR 1.012 [0.987, 1.039] lag 1 
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TABLE AX6.3-2 (cont’d).  RESPIRATORY HEALTH EFFECTS OF OXIDES OF NITROGEN:   
EMERGENCY DEPARTMENT VISITS 

Reference, Study 
Location, & Period Outcomes, Design, & Methods 

Mean Levels of NO2 & 
Monitoring Stations 

Copollutant 
Correlations 

Effects and Interpretation: 
Relative Risk & Confidence Intervals (95%) 

UNITED STATES (cont’d) 
Cassino* et al. (1999) 
New York City, NY 
United States 
 
Period of Study:  
1/1989-12/1993 

Outcome(s) (ICD-9):  Asthma 
(493); COPD (496), bronchitis 
(490), emphysema (492), 
bronchiectasis (494) 
Study Design:  Time series 
N:  1,115 
# of Hospitals:  11 
Statistical Analyses:  Time series 
regression, Poisson regression with 
GLM and GAM; Linear 
regression, Logistic regression 
with GEE 
Covariates:  Season, trend, day of 
wk, temperature, humidity 
Statistical Package:  S Plus and 
SAS 
Lag:  0-3 days 
 

24-h avg NO2: 
Mean:  45.0 ppb 
Median:  43 ppb 
10% 31 ppb 
25% 37 ppb 
75% 53 ppb 
90% 63 ppb 

O3 
CO 
SO2 

Increment:  15 ppb (IQR) 
 
RR 0.97 [0.85, 1.09] lag 0 
RR 1.04 [0.92, 1.18] lag 1 
RR 1.06 [0.94, 1.2] lag 2 
RR 0.97 [0.86, 1.09] lag 3 
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TABLE AX6.3-2 (cont’d).  RESPIRATORY HEALTH EFFECTS OF OXIDES OF NITROGEN:   
EMERGENCY DEPARTMENT VISITS 

Reference, Study 
Location, & Period Outcomes, Design, & Methods 

Mean Levels of NO2 & 
Monitoring Stations 

Copollutant 
Correlations 

Effects and Interpretation: 
Relative Risk & Confidence Intervals (95%) 

CANADA 
Stieb et al. (1996) 
St. John, New 
Brunswick, Canada 
 
Period of Study:  
1984-1992  
(May-Sept only) 

Outcome(s):  Asthma  
ICD-9 Codes:  NR 
Age groups analyzed:  0-15, >15 
Study Design:  Time series 
N:  1,163 
# of Hospitals:  2 
Statistical Analyses:  SAS NLIN 
(Equivalent to Poisson GEE) 
Covariates:  day of wk, long-term 
trends,  
Season:  Summers only (May-Sep) 
Dose-response investigated?:  Yes 
Statistical Package:  SAS 
Lag:  0-3 days 

1-h max NO2 (ppb) 
Mean:  25.2 
Range:  0, 120 
95th 60 

O3 r = 0.16 
SO2 r = !0.03 
SO4

2!- r = 0.16 
TSP r = 0.15 

Increment:  NR 
 
NO2 + O3:  $ = !0.0037 (0.0023) lag 2 

Stieb* et al. (2000) 
Saint John, New 
Brunswick, Canada 
 
Period of Study: 
Retrospective: 
7/92-6/94 
Prospective:  
7/94-3/96 
 
 

Outcome(s):  Asthma; COPD; 
Respiratory infection (bronchitis, 
bronchiolitis, croup, pneumonia); 
All respiratory 
ICD-9 Codes:  NR 
Age groups analyzed:  All 
Study Design:  Time series 
N:  19,821 
Statistical Analyses:  Poisson 
regression, GAM 
Covariates:  day of wk, selected 
weather variables in each model 
Seasons:  All yr, summer only 
Dose-Response investigated:  Yes 
Statistical Package:  S-Plus 
Lag:  all yr = 0; summer  
only = 8 

Annual mean:  8.9 ppb 
spring/fall mean:  
10.0 ppb Max:  82 

O3; r = -0.02 
SO2; r = 0.41 
TRS; r = 0.16 
PM10; r = 0.35 
PM2.5; r = 0.35 
H+; r = 0.25 
SO4

2!; 
r = 0.33 
COH; r = 0.49 
 
Assessed 
multipollutant 
models 

Increment:  8.9 ppb (IQR) 
 
Respiratory visits:  !3.8%, p = 0.070 lag 0 
May to Sept:  11.5%, p = 0.17 lag 8 
 
Multipollutant model (NO2, O3, SO2) 
!3.6% [!7.5, 0.5] lag 0 
 
Multipollutant model (ln(NO2), O3, SO2 COH) 
May to Sept:  4.7% [0.8 to 8.6]  lag 8 
 
Non-linear effect of NO2 on summertime 
respiratory visits observed and log 
transformation strengthened the association. 
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Reference, Study 
Location, & Period Outcomes, Design, & Methods 

Mean Levels of NO2 & 
Monitoring Stations 

Copollutant 
Correlations 

Effects and Interpretation: 
Relative Risk & Confidence Intervals (95%) 

EUROPE and MIDDLE EAST 
Sunyer et al. (1997) 
Multi-city, Europe 
(Barcelona, Helsinki, 
Paris, London) 
 
Period of Study: 
1986-1992 

Outcomes (ICD-9):  Asthma (493) 
Age groups analyzed:  <15, 15-64 
Study Design:  Time series 
Statistical Analyses:  APHEA 
protocol, Poisson regression, GEE; 
meta-analysis 
Covariates:  Humidity, 
temperature, influenza, soybean, 
long-term trend, season, day of wk 
Season:  Cool, Oct-Mar; Warm: 
Apr-Sep 
Statistical Package:  NR 
Lag:  0,1,2,3 and cumulative 1-3 
 

24-h median (range) 
(µg/m3) 
Barcelona:  53 (5, 142) 
Helsinki:  35 (9, 78) 
London:  69 (27, 347) 
Paris:  42 (12, 157) 
 
# of stations: 
Barcelona: 3 
London: 2 
Paris:  4 
Helsinki:  8 

SO2 
black smoke 
O3 

Increment:  50 µg/m3 of 24-h avg for all cities 
combined 
 
Asthma  
15-64 yrs  

1.029 [1.003, 1.055] lag 0-1 
1.038 [1.008, 1.068] lag 0-3, cumulative 
 

<15 yrs  
1.026 [1.006, 1.049] lag 2 
1.037 [1.004, 1.067] lag 0-3, cumulative 
1.080 [1.025, 1.140] - Winter only 

 
Two-pollutant models: 
NO2/Black smoke 
15-64 yrs 1.055 [1.005, 1.109] lag 0-1 
15-64 yrs 1.088 [1.025, 1.155] cumulative 0-3  
<15 yrs   1.036 [0.956, 1.122] 
 
NO2/SO2 
<15 yrs   1.034 [0.988, 1.082] 
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TABLE AX6.3-2 (cont’d).  RESPIRATORY HEALTH EFFECTS OF OXIDES OF NITROGEN:   

EMERGENCY DEPARTMENT VISITS 

Reference, Study 
Location, & Period Outcomes, Design, & Methods 

Mean Levels of NO2 & 
Monitoring Stations 

Copollutant 
Correlations 

Effects and Interpretation: 
Relative Risk & Confidence Intervals 

(95%) 

EUROPE and MIDDLE EAST (cont’d) 
Atkinson et al. 
(1999b) 
London, United 
Kingdom 
 
Period of Study: 
1/92-1294 

Outcome(s) (ICD-9):  Respiratory 
ailments (490-496), including 
asthma, wheezing, inhaler request, 
chest infection, COPD, difficulty 
in breathing, cough, croup, 
pleurisy, noisy breathing 
Age groups analyzed:  0-14; 
15-64; $65; All ages 
Study Design:  Time series 
N:  98,685 
# of Hospitals:  12 
Statistical Analyses:  Poisson 
regression, APHEA protocol 
Covariates:  long-term trend, 
season, day of wk, influenza, 
temperature, humidity 
Statistical Package:  SAS 
Lag:  0,1,0-2, and 0-3 days 

1-h max:  50.3 ppb, SD = 17.0 
 
# of Stations:  3; r = 0.70, 0.96 

NO2, O3  
(8 h), SO2 

(24 h), CO 
(24 h), PM10 
(24 h), BS 

Increment:  36 ppb  in 1-h max 
 
Single-pollutant model 
Asthma Only 
0-14 yrs 8.97% [4.39, 13.74] lag 1 
15-64 yrs 4.44% [0.14, 8.92] lag 1 
All ages 4.37% [1.32, 7.52] lag 0 
All Respiratory 
0-14 yrs 2.17% [!0.49, 4.91] lag 1 
15-64 yrs 1.87% [!0.69, 4.49] lag 2 
>65 yrs 3.97% [0.51, 7.55] lag 0 
All Ages 1.20% [!0.57, 3.00] 
Two-pollutant model Asthma Only 0-14 yrs: 
SO2:  5.75% [0.39, 11.40] lag 1 
CO:  8.34% [3.61, 13.29] lag 0 
PM10:  6.95% [1.96, 12.19] lag 2 
BS:  8.32% [3.56, 13.30] lag 2 
O3:  9.68% [5.02, 14.54] lag 0 

 
 
 
 
 
 
 
 
 

 



 

TABLE AX6.3-2 (cont’d).  RESPIRATORY HEALTH EFFECTS OF OXIDES OF NITROGEN:   
EMERGENCY DEPARTMENT VISITS 

Reference, Study 
Location, & Period Outcomes, Design, & Methods 

Mean Levels of NO2 & 
Monitoring Stations 

Copollutant 
Correlations 

Effects and Interpretation: 
Relative Risk & Confidence Intervals (95%) 

EUROPE and MIDDLE EAST (cont’d) 
Buchdahl et al. (1996) 
London, United 
Kingdom 
 
Period of Study: 
3/1/92-2/28/93 

Outcomes:  Daily acute wheezy 
episodes 
ICD-9:  NR 
Age groups analyzed:  #16 
Study Design:  Case-control 
N:  1,025 cases, 4,285 controls 
Number of hospitals:  1 
Statistical Analyses:  Poisson 
regression 
Covariates:  Season, temperature, 
wind speed 
Season:  Spring (Apr-Jun), 
Summer (Jul-Sep), Autumn 
(Oct-Dec), Winter (Jan-Mar) 
Statistical Package:  Stata 
Lag:  0-7 days 
 

NO2 24-h yr round mean: 
60 µg/m3, SD = 17 
 
IQR:  17 µg/m3  
 
Spring:  59 (19) 
Summer:  55 (18) 
Fall:  66 (13) 
Winter:  61 (17) 

SO2 r = 0.62 
O3 r = !0.18 

Increment:  17 µg/m3 (IQR) 
 
 
No adjustments to model 
RR 1.07 [1.01, 1.14] lag not specified 
 
Adjusted for temperature and season. 
RR 1.02 [0.96, 1.09] lag not specified 
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TABLE AX6.3-2 (cont’d).  RESPIRATORY HEALTH EFFECTS OF OXIDES OF NITROGEN:   
EMERGENCY DEPARTMENT VISITS 

Reference, Study 
Location, & Period 

Outcomes, Design, & 
Methods 

Mean Levels of NO2 & 
Monitoring Stations 

Copollutant 
Correlations 

Effects and Interpretation: 
Relative Risk & Confidence Intervals (95%) 

EUROPE and MIDDLE EAST (cont’d) 
Thompson et al. (2001) 
Belfast, Northern Ireland 
 
Period of Study: 
1993-1995 

Outcome(s):  Asthma 
ICD-9 Code(s):  NR 
Age groups analyzed:  Children 
Study Design:  Time series 
N:  1,044 
Statistical Analyses:  Followed 
APHEA protocol, Poisson 
regression analysis 
Covariates:  Season, long-term 
trend, temperature, day of wk, 
holiday 
Season:  Warm (May-Oct); Cold 
(Nov-Apr) 
Statistical Package:  Stata 
Lag:  0-3 
 

Warm Season 
NO2 (ppb):  Mean:  19.20;  
SD:  7.90; IQR:  13.0, 23.0 
NOx (ppb):  Mean:  35.50;  
SD: 25.50; IQR:  21.0, 40.0 
NO (ppb):  Mean:  16.4;  
SD: 19.70; IQR:  7.0, 17.0 
 
Cold Season 
NO2 (ppb):  Mean:  23.30;  
SD: 9.00; IQR:  18.0, 28.0 
NOx (ppb):  Mean:  50.50;  
SD: 50.50; IQR:  26.0, 56.0 
NO (ppb):  Mean:  27.30;  
SD:  43.10; IQR:  9.0, 28.0 

NO2:   
PM10 r = 0.77 
SO2 r = 0.82 
NOx r = 0.93 
NO r = 0.84 
O3 r = !0.62 
CO r = 0.69 
Benzene  
 r  = 0.83 
 
NOx:  
PM10 r = 0.73 
SO2 r = 0.83 
NO2 r = 0.92 
NO r = 0.97 
O3 r = !0.73 
CO r = 0.74 
Benzene 
r = 0.86  
 
NO:  
PM10 r = 0.65 
SO2 r = 0.76 
NOx r = 0.97 
NO2 r = 0.84 
O3 r = !0.76 
CO r = 0.71 
Benzene 
r = 0.82  

NO2 Increment:  10 ppb 
NOx Increment:  per doubling 
NO Increment:  per doubling 
 
NO2 
Lag 0 RR 1.08 [1.03, 1.13] 
Lag 0-1 RR 1.11 [1.05, 1.17] 
Lag 0-2 RR 1.10 [1.04, 1.17] 
Lag 0-3 RR 1.12 [1.03, 1.20] 
Warm only Lag 0-1 RR 1.14 [1.04, 1.26] 
Cold only Lag 0-1 RR1.10 [1.03, 1.17] 
Adjusted for Benzene Lag 0-1 RR 0.99 [0.87, 1.13] 
 
NOx 
Lag 0 RR 1.07 [1.02, 1.12] 
Lag 0-1 RR 1.10 [1.05, 1.16] 
Lag 0-2 RR 1.10 [1.03, 1.17] 
Lag 0-3 RR 1.11 [1.04, 1.20] 
Warm only Lag 0-1 RR 1.13 [1.03, 1.24] 
Cold only Lag 0-1 RR 1.09 [1.02, 1.16] 
Adjusted for Benzene Lag 0-1 RR 0.89 [0.77, 1.03] 
 
 
NO 
Lag 0 RR 1.04 [1.01, 1.07] 
Lag 0-1 RR 1.07 [1.03, 1.11] 
Lag 0-2 RR 1.06 [1.02, 1.11] 
Lag 0-3 RR 1.08 [1.02, 1.14] 
Warm only Lag 0-1 RR 1.08 [1.01, 1.16] 
Cold only Lag 0-1 RR 1.06 [1.01, 1.11] 
Adjusted for Benzene Lag 0-1 RR 0.93 [0.85, 1.01] 
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TABLE AX6.3-2 (cont’d).  RESPIRATORY HEALTH EFFECTS OF OXIDES OF NITROGEN:   
EMERGENCY DEPARTMENT VISITS 

Reference, Study 
Location, & Period Outcomes, Design, & Methods 

Mean Levels of NO2 & 
Monitoring Stations 

Copollutant 
Correlations 

Effects and Interpretation: 
Relative Risk & Confidence Intervals (95%) 

EUROPE and MIDDLE EAST (cont’d) 
Boutin-Forzano et al. 
(2004) 
Marseille, France 
 
Period of Study: 
4/97-3/98 

Outcome(s):  Asthma 
ICD-9 Code(s):  NR 
Age groups analyzed:  3-49 
Study Design:  Case-Crossover 
N:  549 
Statistical Analyses:  Logistic 
regression 
Covariates:  minimal daily 
temperature, maximum daily 
temperature, minimum daily 
relative humidity, maximum daily 
relative humidity, day of wk 
Statistical Package:  NR 
Lag:  0-4 days 
 

Mean NO2:  34.9 µg/m3 
Range:  3.0, 85 

SO2; r = 0.56 
O3; r = 0.58 
 

Increment:  10 µg/m3 
 
Increased ER visits 
 
OR 1.0067 [0.9960, 1.0176] lag 0 
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TABLE AX6.3-2 (cont’d).  RESPIRATORY HEALTH EFFECTS OF OXIDES OF NITROGEN:   
EMERGENCY DEPARTMENT VISITS 

Reference, Study 
Location, & Period 

Outcomes, Design, & 
Methods 

Mean Levels of NO2 & 
Monitoring Stations 

Copollutant 
Correlations 

Effects and Interpretation: 
Relative Risk & Confidence Intervals (95%) 

EUROPE and MIDDLE EAST (cont’d) 
Castellsague et al. (1995) 
Barcelona, Spain 
 
Period of Study: 
1986-1989 
 
 

Outcome(s):  Asthma 
ICD-9 Code(s):  NR 
Age groups analyzed:  15-64 
Study Design:  Time series 
# of Hospitals:  4 
Statistical Analyses:  Poisson 
regression 
Covariates:  long-time trend, 
day of wk, temperature, relative 
humidity, dew point 
temperature 
Seasons:  Winter :  Jan-Mar; 
Summer:  Jul-Sep 
Dose-Response investigated:  
Yes 
Statistical Package:  NR 
Lag:  0, 1-5 days and 
cumulative. 
Summer:  lag 2 days 
Winter:  lag 1 day 

Mean NO2 (µg/m3) 
Summer:  104.0 
Winter:  100.8 
 
IQR (µg/m3): 
Summer:  48 
Winter:  37  
  
# of Stations:  
15 manual, 3 automatic 

SO2; r = NR 
O3; r = NR 

Increment:  25 µg/m3  
 
Seasonal differences 
Summer:  
1.071 [1.101, 1.130] lag 0-5 cumulative 
1.045 [1.009, 1.081] lag 0 
Winter:  
1.072 [1.010, 1.137] lag 0-2 cumulative 
1.056 [1.011, 1.104] lag 0 
 
Asthma visits increased across quartiles of NO2 
in summer; a positive but less consistent 
increase across quartiles was observed in 
winter. 
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Reference, Study 
Location, & Period Outcomes, Design, & Methods 

Mean Levels of NO2 & 
Monitoring Stations 

Copollutant 
Correlations 

Effects and Interpretation: 
Relative Risk & Confidence Intervals (95%) 

EUROPE and MIDDLE EAST (cont’d) 
Tobías et al. (1999) 
Barcelona, Spain 
 
Period of Study: 
1986-1989 

Outcome(s):  Asthma 
ICD-9:  NR 
Age groups analyzed:  >14 
Study Design:  Time series 
Statistical Analyses:  Poisson 
regression, followed APHEA 
protocol 
Covariates:   temperature, humidity, 
long-term trend, season, day of wk 
Statistical Package:  NR 
Lag:  NR 

24-h-avg NO2 µg/m3 
 
Non-epidemic days:  
54.7 (20.8) 
Epidemic days:   
58.9 (26.7) 

BS 
SO2 
O3 

$ H 104  (SE H 104 ) using Std Poisson 
Without modeling asthma epidemics:  
11.25 (11.79) p > 0.1 
Modeling epidemics with 1 dummy variable:  
1.18 (7.59) p > 0.1 
Modeling epidemics with 6 dummy variables:  
13.60 (7.79) p < 0.1 
Modeling each epidemic with dummy variable:  
14.40 (7.44) p < 0.1 
 
$ H 104 (SE H 104) using Autoregressive 
Poisson 
Without modeling asthma epidemics:   
13.65 (11.81) p > 0.1 
Modeling epidemics with 1 dummy variable:  
3.28 (7.77) p > 0.1 
Modeling epidemics with 6 dummy variables:  
16.49 (8.01) p < 0.05 
Modeling each epidemic with dummy variable:  
18.18 (8.01) p < 0.1 
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Reference, Study 
Location, & Period Outcomes, Design, & Methods 

Mean Levels of NO2 & 
Monitoring Stations 

Copollutant 
Correlations 

Effects and Interpretation: 
Relative Risk & Confidence Intervals (95%) 

EUROPE and MIDDLE EAST (cont’d) 
Galán et al. (2003) 
Madrid, Spain 
 
Period of Study: 
1995-1998 
 
 

Outcome(s) (ICD-9):  Asthma (493) 
Age groups analyzed:  All 
Study Design:  Time series 
N:  4,827 
Statistical Analyses:  Poisson 
regression, (1) classic APHEA protocol 
and (2) GAM with stringent criteria 
Covariates:  trend, yr, season, day of 
wk, holidays, temperature, humidity, 
influenza, acute respiratory infections, 
pollen 
Statistical Package:  NR 
Lag:  0-4 days  
 

24-h mean:  67.1 µg/m3   
SD = 18.0 
IQR:  20.5 
Max:  147.5 
 
# of Stations:  15 

PM10; r = 0.717 
SO2; r = 0.610 
O3; r = !0.209 
 

Increment:  10 µg/m3 
Asthma: 
RR 1.013 [0.991, 1.035] lag 0 
RR 1.011 [0.989, 1.032] lag 1 
RR 1.013 [0.992, 1.034] lag 2 
RR 1.033 [1.013, 1.054] lag 3 
RR 1.026 [1.006, 1.047] lag 4 
 
Multipollutant model: 
NO2/SO2 1.031 [1.004, 1.059] lag 3 
NO2/PM10 1.001 [0.971, 1.031] lag 3 
NO2/Pollen 1.024 [1.004, 1.044] lag 3 
NO2/Pollen/O3 1.024 [1.005, 1.045] Poisson 
NO2/Pollen/O3 1.022 [1.005, 1.040] GAM 
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Effects and Interpretation: 
Relative Risk & Confidence 

Intervals (95%) 

EUROPE and MIDDLE EAST (cont’d) 
Tenías et al. (1998) 
Valencia, Spain 
 
Period of Study: 
1993-1995 
 
Seasons: 
Cold:  Nov-Apr 
Warm:  May-Oct 

Outcome(s):  Asthma  
ICD-9 Code(s):  NR 
Age groups analyzed:  >14 
Study Design:  Time series 
N:  734 
Statistical Analyses:  Poisson 
regression, APHEA protocol  
Covariates:  seasonality, temperature, 
humidity, long-term trend, day of wk, 
holidays, influenza 
Seasons:  Cold:  Nov-Apr; Warm:  
May-Oct 
Dose-Response Investigated:  Yes 
Statistical Package:  NR 
Lag:  0-3 days 

24 h:   
57.7 µg/m3 
Cold:  55.9 
Warm:  59.4 
1-h max: 
101.1 µg/m3 
Cold:  97.3 
Warm:  102.8 
 
# of Stations:  2 
 
 

24 h: 
O3; r = !0.304 
SO2 (24 h);  
r = 0.265 
SO2 (1 h); r = 0.261 
 
1 h: 
O3; r = !0.192 
SO2 (24 h);  
r = 0.199 
SO2 (1 h); r = 0.201 
 
 

Increment:  10 µg/m3 
 
NO2 24-h avg 
All yr 1.076 [1.020, 1.134] lag 0 
Cold 1.083 [1.022, 1.148] lag 0 
Warm 1.066 [0.989, 1.149] lag 0 
 
NO2 1-h max 
All yr 1.037 [1.008, 1.066] lag 0 
Cold 1.034 [1.004, 1.066] lag 0 
Warm 1.044 [1.002, 1.088] lag 0 
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TABLE AX6.3-2 (cont’d).  RESPIRATORY HEALTH EFFECTS OF OXIDES OF NITROGEN:   
EMERGENCY DEPARTMENT VISITS 

Reference, Study 
Location, & 

Period Outcomes, Design, & Methods 
Mean Levels of NO2 & 

Monitoring Stations 
Copollutant 
Correlations 

Effects and Interpretation: 
Relative Risk & Confidence Intervals (95%) 

EUROPE and MIDDLE EAST (cont’d) 
Tenías et al. (2002) 
Valencia, Spain 
 
 
Period of Study: 
1994-1995 

Outcome(s):  COPD 
ICD-9 Code(s):  NR 
Age groups analyzed:  >14 
Study Design:  Time series 
N:  1,298 
# of Hospitals:  1 
Statistical Analyses:  Poisson 
regression, APHEA protocol; basal 
models and GAM 
Covariates:  seasonality, annual 
cycles, temperature, humidity, day 
of wk, feast days 
Seasons:  Cold, Nov-Apr; Warm, 
May-Oct 
Dose-Response Investigated:  Yes 
Statistical Package:  NR 
Lag:  0-3 days 

NO2 24-h avg:  57.7 µg/m3; 
Range:  12, 135 
1-h max:  100.1 µg/m3; 
Range:  31, 305 
 
# of Stations:  6 manual and 
5 automatic; r = 0.87 

BS; r = 0.246 
SO2; r = 0.194 
CO; r = 0.180 
O3; r = !0.192 

Increment:  10 µg/m3 
 
24-h avg NO2 
All Year RR 0.979 [0.943, 1.042] lag 0 
Cold, 24-h avg:  RR 0.991 [0.953, 1.030] lag 0 
Warm, 24-h avg:  RR 0.961 [0.900, 1.023] lag 0 
 
1-h max NO2 
All Year RR 0.986 [0.966, 1.007] lag 0 
Cold, 24-h avg:  RR 0.996 [0.975, 1.018] lag 0 
Warm, 24-h avg:  RR 0.968 [0.935, 1.003] lag 0 
 
Possibility of a linear relationship between 
pollution and risk of emergency cases could not 
be ruled out. 
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TABLE AX6.3-2 (cont’d).  RESPIRATORY HEALTH EFFECTS OF OXIDES OF NITROGEN:   
EMERGENCY DEPARTMENT VISITS 

Reference, Study 
Location, & Period Outcomes, Design, & Methods 

Mean Levels of NO2 & 
Monitoring Stations 

Copollutant 
Correlations 

Effects and Interpretation: 
Relative Risk & Confidence Intervals 

(95%) 

EUROPE and MIDDLE EAST (cont’d) 
Migliaretti et al. 
(2005) 
Turin, Italy 
 
Period of Study: 
1997-1999 

Outcome (ICD-9):  Asthma (493) 
Age groups analyzed:  <15, 15-64, 
>64 
Study Design:  Case-Control 
Controls:  age matched with other 
respiratory disease (ICD-9:  
460-487, 490-2, 494-6, 500-19) or 
heart disease (ICD-9:  390-405, 
410-429) 
N:  cases = 1,401  
controls = 201,071 
Statistical Analyses:  logistic 
regression  
Covariates:  seasonality, 
temperature, humidity, solar 
radiation, wind velocity, day of 
wk, holiday, gender, age, 
education level 
Seasons:  Cold:  Oct-Mar; Warm: 
Apr-Sep 
Statistical Package:  NR 
Lag:  0-3 days and cumulative 

All Participants: 
24-h mean:  112.7 µg/m3,  
SD = 30.2, Median = 107.7 
 
Cases: 
24-h mean:  117.1 µg/m3,  
SD = 30.0, Median = 113.0 
 
Controls: 
24-h mean:  112.7 µg/m3,  
SD = 30.2, Median = 107.7 
 
# of Stations:  10, r = 0.79 
 

TSP; r = 0.8 
 
Two-pollutant 
model 
adjusted for 
TSP 

Increment:  10 µg/m3  
 
Single Pollutant (NO2): 
<15 yrs 2.3% [0.3, 4.40] 
15-64 yrs 3.10% [!0.01, 7.70] 
>64 yrs 7.70% [0.20, 15.20] 
All ages 2.40% [0.5, 4.30] 
 
Copollutant (NO2 and TSP) 
<15 yrs 1.71% [!0.02, 5.00] 
15-64 yrs 1.20% [!0.06, 6.50] 
>64 yrs 0.91% [!0.08, 5.91] 
All ages 1.10% [!0.02, 3.82] 
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TABLE AX6.3-2 (cont’d).  RESPIRATORY HEALTH EFFECTS OF OXIDES OF NITROGEN:   
EMERGENCY DEPARTMENT VISITS 

Reference, Study 
Location, & Period Outcomes, Design, & Methods 

Mean Levels of NO2 & 
Monitoring Stations 

Copollutant 
Correlations

Effects and Interpretation: 
Relative Risk & Confidence Intervals (95%) 

EUROPE and MIDDLE EAST (cont’d) 
Pantazopoulou et al. 
(1995) 
Athens, Greece 
 
Period of Study :  1988 
 
 

Outcomes:  All respiratory visits 
ICD-9:  NR 
Age groups analyzed:  All ages 
Study Design:  Time series 
N:  213,316 
Number of hospitals:  14 
Statistical Analyses:  Multiple 
linear regression 
Covariates:  Season, day of wk, 
holiday, temperature, relative 
humidity 
Season:  Warm (3/22-9/21), 
Cold (1/1-3/21 and 9/22-12/31) 
Lag:  NR 
 

NO2 24-h avg 
 
Winter:  94 µg/m3, SD = 25 
5th:  59, 50th:  93,  
95th:  135 
 
Summer:  111 µg/m3,  
SD = 32 
5th:  65, 50th:  108,   
95th:  173 
 
# of stations:  2 

CO 
BS 
 

Increment:  76 µg/m3 in winter and 108 µg/m3 in 
summer (95th-5th) 
 
Respiratory disease admissions 
 
Winter:  Percent increase:  $ = 66.8 [19.6, 113.9] 
 
Summer:  Percent increase:  $ = 21.2 [!35.1, 77.5] 

Garty et al. (1998) 
Tel Aviv, Israel 
1993 

Outcome(s):  Asthma 
ICD-9 Code(s):  NR 
Age groups analyzed:  1-18 
Study Design:  Descriptive study 
with correlations 
N:  1,076 
Statistical Analyses:  Pearson 
correlation and partial 
correlation coefficients 
Covariates:  maximum and 
minimum ambient temperatures, 
relative humidity and barometric 
pressure 
Statistical Package:  Statistix 

24-h mean of NOx 
(estimated from histogram): 
60 µg/m3; Range 50, 250 

 Correlation between NOx and ER visits for 
asthma: 
 
All Year: 
Daily data r = 0.30 
Running mean for 7 days r = 0.62 
 
Excluding September: 
Daily data r = 0.37 
Running mean for 7 days r = 0.74 
 
38% of variance in number of ER visits explained 
by fluctuations in NOx.  Increases to 55% when 
Sept. is omitted from analyses. 
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TABLE AX6.3-2 (cont’d).  RESPIRATORY HEALTH EFFECTS OF OXIDES OF NITROGEN:   
EMERGENCY DEPARTMENT VISITS 

Reference, Study 
Location, & Period Outcomes, Design, & Methods 

Mean Levels of NO2 & 
Monitoring Stations 

Copollutant 
Correlations 

Effects and Interpretation: 
Relative Risk & Confidence Intervals (95%) 

LATIN AMERICA 
Farhat* et al. (2005) 
São Paulo, Brazil 
 
Period of Study:   
1996-1997 
 
 

Outcome(s) (ICD-9):  Lower 
Respiratory Disease (466, 480-5) 
Age groups analyzed:  <13 
Study Design:  Time series 
N:  4,534 
# of Hospitals:   1 
Statistical Analyses:  1) Poisson 
regression and 2) GAM - no 
mention of more stringent criteria 
Covariates:  long-term trends, 
seasonality, temperature, humidity 
Statistical Package:  S-Plus 
Lag:  0-7 days, 2,3,4 day moving 
avg 
 

 
Mean:  125.3 µg/m3   
SD = 51.7 
 
IQR:  65.04 µg/m3 
 
# of Stations:  6 

PM10; r = 0.83 
SO2; r = 0.66 
CO; r = 0.59  

Increment:  IQR of 65.04 µg/m3 
 
Single-pollutant models (estimated from 
graphs): 
LRD ~17.5% [12.5, 24] 
 
Multipollutant models: 
Adjusted for: 
PM10 16.1% [5.4, 26.8] 4 day avg 
SO2 24.7% [18.2, 31.3] 4 day avg 
CO 19.2% [11.8, 26.6] 4 day avg 
Multipollutant model 
18.4% [3.4, 33.5] 4 day avg 
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TABLE AX6.3-2 (cont’d).  RESPIRATORY HEALTH EFFECTS OF OXIDES OF NITROGEN:   
EMERGENCY DEPARTMENT VISITS 

Reference, Study 
Location, & Period Outcomes, Design, & Methods 

Mean Levels of NO2 & 
Monitoring Stations 

Copollutant 
Correlations 

Effects and Interpretation: 
Relative Risk & Confidence Intervals (95%) 

LATIN AMERICA (cont’d) 
Martins* et al. (2002) 
São Paulo, Brazil 
 
Period of Study:   
5/96-9/98 

Outcome(s) (ICD-10):  Chronic 
Lower Respiratory Disease 
(CLRD) (J40-J47); includes 
chronic bronchitis, emphysema, 
other COPDs, asthma, 
bronchiectasia 
Age groups analyzed:  >64 
Study Design:  Time series 
N:  712 
# of Hospitals:  1 
Catchment area:  13,163 total ER 
visits 
Statistical Analyses:  Poisson 
regression and  GAM - no mention 
of more stringent criteria 
Covariates:  weekdays, time, 
minimum temperature, relative 
humidity, daily number of non-
respiratory emergency room visits 
made by elderly 
Statistical Package:  S-Plus 
Lag:  2-7 days and 3 day moving 
avgs 

NO2 max 1-h avg (µg/m3): 
117.6, SD = 53.0,  
Range 32.1, 421.6 
 
IQR:  62.2 µg/m3 
 
# of Stations:  4 
 

O3; r = 0.44 
SO2; r = 0.67 
PM10; r = 0.83 
CO; r = 0.62 

Increment:  IQR of 62.2 µg/m3  
 
Percent increase:  4.5% [!6.5, 15] lag 3 day 
moving avg (estimated from graph) 
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TABLE AX6.3-2 (cont’d).  RESPIRATORY HEALTH EFFECTS OF OXIDES OF NITROGEN:   
EMERGENCY DEPARTMENT VISITS 

Reference, Study 
Location, & Period Outcomes, Design, & Methods 

Mean Levels of NO2 & 
Monitoring Stations 

Copollutant 
Correlations 

Effects and Interpretation: 
Relative Risk & Confidence Intervals (95%) 

LATIN AMERICA (cont’d) 
Ilabaca et al. (1999) 
Santiago, Chile 
 
Period of Study:   
2/1/95 – 8/31/96 
 
Days:  578 

Outcome(s) (ICD-9):  Upper 
respiratory illness 
(460-465, 487);  
Lower respiratory illness 
(466, 480-486, 490-494, 496, 
519.1, 033.9);  
Pneumonia (480-486) 
Age groups analyzed:  <15 
Study Design:  Time series 
# of Hospitals:  1 
Statistical Analyses:  Poisson 
regression 
Covariates:  Long-term trend, 
season, day of wk, temperature, 
humidity, influenza epidemic 
Season:  Warm (Sep-Apr),  
Cool (May-Aug) 
Statistical Package:  NR 
Lag:  0-3 days 

24-h avg NO2: 
Warm: 
Mean:  97.0 
Median:  91.5 
SD:  34.6 
Range:  37.2, 246 
5th:  54.3 
95th:  163.0 
 
Cool: 
Mean:  160.2 
Median:  154.4 
SD:  59.5 
Range:  60.1, 397.5 
5th:  74.4 
95th:  266.0 
 
# of stations:  4, 
r = 0.70, 0.88 

Warm: 
SO2 r = 0.66 
O3 r = 0.15 
PM10 r = 0.71 
PM2.5 r = 0.70 
 
Cool: 
SO2 r = 0.74 
O3 r = 0.22 
PM10 r = 0.82 
PM2.5 r = 0.80 

Increment: IQR 
 
All respiratory 
Cool 
Lag 2 IQR:  56.4 RR 1.0378 [1.0211, 1.0549] 
Lag 3 IQR:  56.4 RR 1.0294 [1.0131, 1.0460] 
Lag avg 7 IQR:  33.84 RR 1.0161 [1.0000, 1.0325] 
Warm 
Lag 2 IQR:  30.08 RR 1.0208 [0.9992, 1.0428] 
Lag 3 IQR:  30.08 RR 1.0395 [1.0181, 1.0612] 
Lag avg 7 IQR:  22.56 RR 1.0251 [0.9964, 1.0548] 
 
Upper respiratory 
Cool 
Lag 2 IQR:  56.4 RR 1.0569 [1.0339, 1.0803] 
Lag 3 IQR:  56.4 RR 1.0318 [1.0095, 1.0545] 
Lag avg 7 IQR:  33.84 RR 1.0177 [0.9960, 1.0399] 
Warm  
Lag 2 IQR:  30.08 RR 1.0150 [0.9881, 1.0426] 
Lag 3 IQR:  30.08 RR 1.0425 [1.0157, 1.0699] 
Lag avg 7 IQR:  22.56 RR 0.9944 [0.9591, 1.0311] 
 
Pneumonia 
Cool 
Lag 2 IQR:  56.4 RR 1.0824 [1.0300, 1.1374] 
Lag 3 IQR:  56.4 RR 1.0768 [1.0273, 1.1287] 
Lag avg 7 IQR:  33.84 RR 1.0564 [1.0062, 1.1092] 
Warm 
Lag 2 IQR:  30.08 RR 1.1232 [1.0450, 1.2072] 
Lag 3 IQR:  30.08 RR 1.0029 [0.9332, 1.0779] 
Lag avg 7 IQR:  22.56 RR 1.1084 [1.0071, 1.2200] 
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TABLE AX6.3-2 (cont’d).  RESPIRATORY HEALTH EFFECTS OF OXIDES OF NITROGEN:   
EMERGENCY DEPARTMENT VISITS 

Reference, Study 
Location, & 

Period Outcomes, Design, & Methods 
Mean Levels of NO2 & 

Monitoring Stations 
Copollutant 
Correlations 

Effects and Interpretation: 
Relative Risk & Confidence Intervals (95%) 

LATIN AMERICA (cont’d) 
Lin et al. (1999) 
São Paulo, Brazil 
 
Period of Study:  
May 1991 - April 
1993 
 
Days:  621 

Outcome(s):  Respiratory disease, 
Upper respiratory illness, Lower 
respiratory illness, Wheezing 
ICD-9 Code(s):  NR 
Age groups analyzed:  <13 
Study Design:  Time series 
# of Hospitals:  1 
Statistical Analyses:  Gaussian and 
Poisson regression 
Covariates:  Long-term trend, 
seasonality, day of wk, 
temperature, humidity 
Statistical Package:  NR 
Lag:  5-day lagged moving avgs 

NO2 µg/m3: 
Mean:  163 
SD:  85 
Range:  2, 688 
 
Number of stations:  3 

SO2 r = 0.38 
CO r = 0.35 
PM10 r = 0.40 
O3 r = 0.15 

Increment:  NR 
 
All respiratory illness 
NO2 alone RR 1.003 [1.001, 1.005] 5-day 
moving avg 
NO2 + PM10 + O3 + SO2 + CO RR 0.996 
[0.994, 0.998] 
 
Lower respiratory illness 
NO2 alone RR 0.999 [0.991, 1.007] 5-day 
moving avg 
NO2 + PM10 + O3 + SO2 + CO RR 0.990 
[0.982, 0.998] 
 
Upper respiratory illness 
NO2 alone RR 1.003 [0.999, 1.007] 5-day 
moving avg 
NO2 + PM10 + O3 + SO2 + CO RR 0.996 
[0.992, 1.000] 
 
Wheezing 
NO2 alone RR 0.996 [0.990, 1.002] 5-day 
moving avg 
NO2 + PM10 + O3 + SO2 + CO RR 0.991 
[0.983, 0.999] 
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TABLE AX6.3-2 (cont’d).  RESPIRATORY HEALTH EFFECTS OF OXIDES OF NITROGEN:   
EMERGENCY DEPARTMENT VISITS 

Reference, Study 
Location, & 

Period Outcomes, Design, & Methods 
Mean Levels of NO2 & 

Monitoring Stations 
Copollutant 
Correlations 

Effects and Interpretation: 
Relative Risk & Confidence Intervals 

(95%) 
ASIA 
Chew et al. (1999) 
Singapore 
 
Period of Study:  
1990-1994 
 
 

Outcome(s) (ICD-9):  Asthma (493) 
Age groups analyzed:  3-12, 13-21 
Study Design:  Time series 
N:  23,000 
# of Hospitals:  2 
Statistical Analyses:  Linear 
regression, GLM 
Covariates:  variables that were 
significantly associated with ER 
visits were retained in the model 
Statistical Package:  SAS/STAT, 
SAS/ETS 6.08 
Lag: 1,2 days avgs 
 

24-h avg:  18.9 µg/m3,  
SD = 15.0, Max < 40 
 
# of Stations:  15 

SO2; r = !0.22 
O3; r = 0.17 
TSP; r = 0.23 

Categorical analysis (via ANOVA) p-value 
and Pearson correlation coefficient (r) using 
continuous data comparing daily air 
pollutant levels and daily number of ER 
visits 
 
Age Group:   3-12   13-21 
Lag 0  r = 0.10  r = 0.09 
 p = 0.0019 p < 0.001 
Lag 1  r = 0.12  r = 0.04 
 p < 0.001 p = 0.0014 
Lag 2 r = 0.14 r = 0.03 
 p < 0.001 p = 0.0066 

Hwang and Chan 
(2002) 
Taiwan 
 
Period of Study: 
1998 

Outcome(s) (ICD-9):  Lower 
Respiratory Disease (LRD) (466, 
480-6) including acute bronchitis, 
acute bronchiolits, pneumonia 
Age groups analyzed:  0-14, 15-64, 
$65, all ages 
Study Design:  Time series 
Catchment area:  Clinic records from 
50 communities 
Statistical Analyses:  Linear 
regression, GLM 
Covariates:  temperature, dew point 
temperature, season, day of wk, 
holiday 
Statistical Package:  NR 
Lag:  0,1,2 days and avgs 

24-hr avg:  23.6 ppb,  
SD = 5.4, Range:  13.0, 34.1 
 
 

SO2 
PM10 
O3 
CO 
 
No correlations 
for individual 
pollutants. 
 
Colinearity of 
pollutants 
prevented use of 
multipollutant 
models 

Increment:  10% change in NO2 (natural 
avg) which is equivalent to 2.4 ppb.  NOTE:  
The percent change is for the rate of clinic 
use NOT for relative risk for adverse effect. 
 
Increased clinic visits for lower respiratory 
disease (LRD) by age group 
 
0-14 yrs 
1.3% [1.0, 1.6] lag 0 
15-64 yrs 
1.5% [1.3, 1.8] lag 0 
$65 yrs 
1.8% [1.4, 2.2] lag 0 
All ages 
1.4% [1.2, 1.6] lag 0 
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TABLE AX6.3-2 (cont’d).  RESPIRATORY HEALTH EFFECTS OF OXIDES OF NITROGEN:   
EMERGENCY DEPARTMENT VISITS 

Reference, Study 
Location, & Period Outcomes, Design, & Methods 

Mean Levels of NO2 & 
Monitoring Stations 

Copollutant 
Correlations 

Effects and Interpretation: 
Relative Risk & Confidence Intervals (95%)

ASIA (cont’d) 
Tanaka et al. (1998) 
Kushiro, Japan 
 
Period of Study: 
1992-1993 

Outcome(s):  Asthma 
ICD-9 Code(s):  NR 
Age groups analyzed:  15-79 
Study Design:  Time series 
N:  102 
# of Hospitals:  1 
Statistical Analyses:  Poisson 
regression 
Covariates:  temperature, vapor 
pressure, barometric pressure, 
relative humidity, wind velocity, 
wind direction at maximal velocity 
Statistical Package:  NR 
 

NO2 24-h avg 
9.2 ± 4.6 ppb in fog 
 
11.5 ± 5.7 in fog free days 
 
Max NO2 24-h avg <30 ppb 
 

NO2; r = NR 
SO2; r = NR 
SPM (TSP);  
r = 0.70 
O3; r = NR 

Increment:  15 ppb  
 
Nonatopic 
OR 0.62 [0.45, 0.84] 
 
Atopic 
OR 0.81 [0.67, 0.97] 

*Default GAM 
+Did not report correction for over-dispersion 
NR:  Not Reported 
APHEA:  Air Pollution and Health:  a European Approach 
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TABLE AX6.3-3.  RESPIRATORY HEALTH EFFECTS OF OXIDES OF NITROGEN:  GENERAL 
PRACTITIONER/CLINIC VISITS 

Reference, Study 
Location, & Period Outcomes, Design, & Methods 

Mean Levels & Monitoring 
Stations 

Copollutants 
Correlations 

Effects: 
Relative Risk & Confidence Intervals (95%) 

NORTH AMERICA 
Hernández-Garduño 
et al. (1997) 
Mexico City, Mexico 
 
Period of Study:  
May 15, 1992 - 
January 31, 1993 

Outcome(s):  Respiratory illness  
ICD9:  NR 
Age groups analyzed:  <15, 15+, all 
ages (0-92) 
Study Design:  Time series 
N:  24,113 
Number of Clinics:  5 
Statistical Analyses:  Cross-correlation, 
linear regression and autoregressive 
error model analyses 
Covariates:  Long-term trend, day of 
wk, temperature, humidity 
Statistical Package:  SAS 
Lag:  0-6 

 
 
Number of Stations:  5 

O3 
SO2 
CO 
NOx 

Increment:  Maximum NO2 concentration of all 
days-Mean NO2 concentration of all days 
 
<14 yrs  
NO2 lag 0:  RR  1.29 ± 0.09 (p < 0.01) 
NO2 lag 6:  RR 1.18  ± 0.09 (p > 0.05) 
 
15+ yrs  
NO2 lag 0:  RR 1.14 ± 0.07 (p < 0.05) 
NO2 lag 6:  RR 1.10 ± 0.06 (p > 0.05) 
 
All ages  
NO2 lag 0:  RR 1.43 ± 0.15 (p < 0.01) 
NO2 lag 6:  RR 1.29  ± 0.15 (p > 0.05) 

CANADA 
Villeneuve et al. 
(2006) 
Toronto, ON, Canada 
 
Period of Study:   
1995-2000 
Days:  2,190 
 
 

Outcome(s) (ICD9):  Allergic Rhinitis 
(177) 
Age groups analyzed:  $65 
Study Design:  Time series 
N:  52,691 
Statistical Analyses:  GLM, using 
natural splines (more stringent criteria 
than default) 
Covariates:  Day of wk, holiday, 
temperature, relative humidity, aero-
allergens 
Season:  All yr; Warm, May-Oct; Cool, 
Nov-Apr 
Statistical Package:  S-Plus 
Lag:  0-6 

24-h avg:  25.4 ppb, SD = 7.7 
IQR:  10.3 ppb, range 9.2, 71.7 
 
Number of stations:  9 
 
 

SO2 
O3 
CO 
PM2.5 
PM10-2.5 
PM10 

Increment:  10.3 ppb (IQR) 
 
All results estimated from Stick Graph: 
 
All Yr: 
Mean Increase:  1.9% [!0.2, 3.8] lag 0 
 
Warm:   
Mean Increase:  0.1% [!3.2, 3.8] lag 0 
 
Cool:   
Mean Increase:  1.4% [0.0, 5.9] lag 0 
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TABLE AX6.3-3 (cont’d).  RESPIRATORY HEALTH EFFECTS OF OXIDES OF NITROGEN:  GENERAL 
PRACTITIONER/CLINIC VISITS 

Reference, Study 
Location, & Period Outcomes, Design, & Methods 

Mean Levels & 
Monitoring Stations 

Copollutants 
Correlations 

Effects: 
Relative Risk & Confidence Intervals (95%) 

EUROPE 
Hajat et al. (1999) 
London, United 
Kingdom 
 
Period of Study:  1992-
1994 

Outcome (ICD9):  Asthma (493); 
Lower respiratory disease (464, 466, 
476, 480-3, 490-2, 485-7, 4994-6, 
500, 503-5, 510-5) 
Age groups analyzed:  0-14; 15-64; 
65+; all ages 
Study Design:  Time series analysis 
Statistical Analysis:  Poisson 
regression, APHEA protocol 
Covariates:  long-term trends, 
seasonality, day of wk, temperature, 
humidity 
Seasons:  Warm, Apr-Sep; Cool, 
Oct-Mar; All yr 
Dose-response investigated?  Yes 
Statistical package:  SAS 
Lag:  0-3 days, cumulative 

All yr 24-h avg:  
33.6 ppb, SD = 10.5 
 
Warm:  32.8 (19.8) 
Cool:  34.5 (10.1) 
 
10th-90th all yr 
percentile:  24 ppb 

SO2; r = 0.61 
BS; r = 0.70 
CO; r = 0.72 
PM10; r = 0.73 
O3; r = !0.10 

Increment:  24 ppb (90th-10th percentile) 
Asthma  
All ages 2.1% [!0.7, 4.9] lag 0; 3.1% [!0.4, 6.7] lag 0-1  
0-14 yrs 6.1% [1.2, 11.3] lag 1; 6.9% [1.7, 12.4] lag 0-1 

Warm:  13.2% [5.6, 21.3] lag 1 
Cool:  !0.1% [!6.3, 6.5] lag 1  

15-64 yrs 3.0% [!0.7, 6.7] lag 0; 3.1% [!1.6, 7.9] lag 0-3 
Warm:  3.3% [!2.0, 8.9] lag 0 
Cool:  2.6% [!2.3, 7.7] lag 0 

65+ yrs 9.9% [1.6, 18.7] lag 2; 5.3% [!3, 14.3] lag 0-3 
Warm:  18.6% [6.3, 32.4] lag 2 
Cool:  !0.5% !9.6, 11.8] lag 2 

Lower Respiratory disease 
All ages 1.3% [!0.4, 3.0] lag 1; 1.2% [!0.7, 3.1] lag 0-2 
0-14 yrs 4.8% [1.3, 8.3] lag 2; 4.5% [0.4, 8.7] lag 0-3 

Warm:  1.4% [!3.8, 6.9] lag 2 
Cool:  7.2% [2.8, 11.6] lag 2 

15-64 yrs 1.1% [!1.1, 3.4] lag 2; 0.8% [!1.8, 3.5] lag 0-2  
Warm:  2.3% [!1.2, 5.9] lag 2 
Cool:  0.2% [!2.6, 3.1] lag 2 

65+ !1.7% [!4.3, 1.1] lag 0 
Warm:  !1.7% [!5.9, 2.6] lag 0 
Cool:  !1.6% [!4.8, 1.8] lag 0 

Two-pollutant model-Asthma 
NO2 alone  5.2% [0.8, 9.8]  
NO2/O3 6.7% [2.2, 11.4] 
NO2/SO2 3.9% [!1.2, 9.2] 
NO2/PM10 5.3% [!0.6, 11.6] 
Two-pollutant model - Lower Respiratory disease 
NO2 alone 4.2% [1.1, 7.3] 
NO2/O3 4.9% [1.8, 8.2] 
NO2/SO2 2.5% [!1.1, 6.2] 
NO2/PM10 3.5% [0.1, 6.9] 
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TABLE AX6.3-3 (cont’d).  RESPIRATORY HEALTH EFFECTS OF OXIDES OF NITROGEN:  GENERAL 
PRACTITIONER/CLINIC VISITS 

Reference, Study 
Location, & Period Outcomes, Design, & Methods 

Mean Levels & 
Monitoring Stations 

Copollutants 
Correlations 

Effects: 
Relative Risk & Confidence Intervals (95%) 

EUROPE (cont’d) 
Hajat* et al. (2001) 
London, United 
Kingdom 
 
Period of Study:   
1992-1994 

Outcome (ICD9):  Allergic Rhinitis 
(477) 
Age groups analyzed:  0-14; 15-64; 
65+; all ages 
Study Design:  Time series analysis 
N:  4,214 
Statistical Analysis:  Poisson regression, 
GAM 
Covariates:  long-term trends, 
seasonality, day of wk, temperature, 
humidity, variation in practice 
population, counts for lagged allergic 
pollen measures, daily number of 
consultations for influenza 
Dose-response investigated?  Yes 
Statistical package:  S-Plus 
Lag:  0-6 days, cumulative 

NO2 24-h avg:  33.6 ppb, 
SD = 10.5 
 
# of Stations:  3;  
r = 0.7-0.96 

SO2; r = 0.61 
BS; r = 0.70 
CO; r = 0.72 
PM10; r = 0.73 
O3; r = !0.10 

Increment:  24 ppb (90th-10th percentile) 
 
Single-pollutant model 
<1 to 14 yrs 
11.0% [3.8, 18.8] lag 4 
12.6% [4.6, 21.3] lag 0-4 
15 to 64 yrs 
5.5% [2.0, 9.1] lag 6 
11.1% [6.8, 15.6] lag 0-6 
>64 yrs - too small for analysis 
 
Two-pollutant models 
<1 to 14 yrs 
NO2 & O3:  7.9% [0.6, 15.8] 
NO2 & SO2:  !3.8% [11.8, 5.0] 
NO2 & PM10:  10.8% [0.1, 22.7] 
15 to 64 yrs 
NO2 & O3:  4.8% [1.0, 8.8] 
NO2 & SO2:  1.0% [!3.7, 5.8] 
NO2 & PM10:  0.5% [!4.9, 6.3] 
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TABLE AX6.3-2 (cont’d).  RESPIRATORY HEALTH EFFECTS OF OXIDES OF NITROGEN:  GENERAL 
PRACTITIONER/CLINIC VISITS 

Reference, Study 
Location, & Period Outcomes, Design, & Methods 

Mean Levels & 
Monitoring Stations 

Copollutants 
Correlations 

Effects: 
Relative Risk & Confidence Intervals (95%) 

EUROPE (cont’d) 
Hajat* et al. (2002) 
London, United 
Kingdom 
 
Period of Study: 1992-
1994 

Outcome (ICD9):  Upper Respiratory 
Disease, excluding Rhinitis (460-3, 465, 
470-5, 478) 
Age groups analyzed:  0-14; 15-64; 
65+; all ages 
Study Design:  Time series analysis 
Statistical Analysis:  Poisson regression, 
GAM 
Covariates:  long term trends, 
seasonality, day of wk, holidays,  
temperature, humidity, variation in 
practice population, counts for lagged 
allergic pollen measures, daily number 
of consultations for influenza 
Seasons:  Warm, Apr-Sep; Cool 
Oct-Mar 
Dose-response investigated?  Yes 
Statistical package:  S-Plus 
Lag:  0,1,2,3 days 
 

NO2 24 h avg:  33.6 ppb, 
SD = 10.5 
 
 
Warm (April-Sept) 
Mean:  32.8 ppb,  
SD = 10.1 
 
Cool (Oct-March) 
Mean:  34.5 ppb,  
SD = 10.1 
 
# of Stations:  3 

SO2; r = 0.61 
BS; r = 0.70 
CO; r = 0.72 
PM10; r = 0.73 
O3; r = !0.10 

Increment (90th-10th percentile):  All yr: 24 ppb; Warm 
season:  25.8 ppb; Cool season: 22.1 ppb 
 
Single-pollutant model 
All yr 
0-14 yr 2.0% [!0.3, 4.3] lag 3 
15-64 yrs 5.1% [2.0, 8.3] lag 2 
>65 yrs 8.7% [3.8, 13.8] lag 2 
 
Warm 
0-14 yrs 2.5% [!0.9, 6.1] lag 3  
15-64 yrs 6.7% [3.7, 9.8] lag 2 
$65 yrs 6.6% [!1.1, 14.9] lag 2  
Cool 
0-14 yrs 1.7% [!1.1, 4.6] lag 3  
15-64 yrs 1.2% [!1.3, 3.9] lag 2 
>65 yrs 9.4% [2.8, 16.4] lag 2 
 
Two-pollutant models 
0-14 yrs 
NO2 & O3:  1.7% [!0.6, 3.9] 
NO2 & SO2:  2.2% [!0.4, 5.0]  
NO2 & PM10:  1.5% [!1.7, 4.8]  
For 15-64 yrs 
NO2 & O3:  4.4% [2.2, 6.8] 
NO2 & SO2:  4.4% [1.6, 7.2]  
NO2 & PM10:  2.7% [!0.5, 5.9]  
For >65 yrs 
NO2 & O3:  8.1% [3.0, 13.6] 
NO2 & SO2:  8.6% [2.1, 15.4]  
NO2 & PM10:  4.3% [!2.8, 11.8]  

* Default GAM 
+ Did not report correction for over-dispersion 

NR:  Not Reported 
APHEA:  Air Pollution and Health:  a European Approach 
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TABLE AX6.4-1.  HUMAN HEALTH EFFECTS OF OXIDES OF NITROGEN:  CVD HOSPITAL ADMISSIONS AND 
VISITS:  UNITED STATES AND CANADA 

Reference, Study 
Location, & Period Outcomes, Design, & Methods 

Mean Levels & Monitoring 
Stations 

Copollutants 
(Correlations) 

Effects:  Relative Risk or Percent Change 
& Confidence Intervals ([95% Lower, 

Upper]) 
Burnett et al. (1997) * 
Metropolitan Toronto 
(Toronto, North York, 
East York, Etobicoke, 
Scarborough, York), 
Canada 
 
Study period:  
1992-1994, 388 days, 
summers only 

Outcome(s) (ICD9):  IHD 
410-414; Cardiac Dysrhythmias 
427; Heart failure 428.  All 
Cardiac 410-414, 427, 428.  
Obtained from hospital discharge 
data. 
Population:  2.6 Million residents 
Study design:  Time series 
Age groups analyzed:  all 
# Hospitals:  NR 
Statistical analysis:  relative risk 
regression models, GAMs. 
Covariates:  adjusted for 
long-term trends, seasonal and 
subseasonal variation, day of the 
wk, temperature, dew point 
Seasons:  summer only 
Dose response:  Figures 
presented  
Statistical package:  NR 
Lag:  1-4 days 

NO2 daily 1-h max (ppb): 
Mean:  38.5 
CV:  29 
Min:  12 
25th percentile:  31 
50th percentile:  38 
75th percentile:  45 
Max:  81 
 
# of Stations:  6-11 
 
(Results are reported for 
additional metrics including 
24 h avg and daytime avg 
(day)) 

H+ (0.25) 
SO4 (0.34) 
TP (0.61) 
FP (0.45) 
CP (0.61) 
COH (0.61) 
O3 (0.07) 
SO2 (0.46) 
CO (0.25) 

Results reported for RR for an IQR increment 
increase in NO2.  T ratio in parentheses. 
 
All Cardiac Disease 
Single-pollutant model  
1.049 (3.13), daily avg over 4 days, lag 0 
 
Multipollutant model  
1.30 (1.68), w/ NO2, O3, SO2,  
 
Objective of study was to evaluate the role of 
particle size and chemistry on cardio and 
respiratory diseases.  NO2 attenuated the 
effect of particulate in this study.   
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TABLE AX6.4-1 (cont’d).  HUMAN HEALTH EFFECTS OF OXIDES OF NITROGEN:  CVD HOSPITAL ADMISSIONS 
AND VISITS:  UNITED STATES AND CANADA 

Reference, Study 
Location, & Period Outcomes, Design, & Methods 

Mean Levels & Monitoring 
Stations 

Copollutants 
(Correlations) 

Effects:  Relative Risk or Percent Change 
& Confidence Intervals ([95% Lower, 

Upper]) 
Burnett et al. (1999) * 
Metropolitan Toronto 
(Toronto, North York, 
East York, Etobicoke, 
Scarborough, York), 
Canada 
 
Study Period:   
1980-1995, 15 yr 

Outcome(s) (ICD9):  IHD  
410-414; Cardiac Dysrhythmias 
427; Heart failure 428; All 
Cardiac 410-414, 427, 428; 
Cerebrovascular Disease  
Obtained from hospital discharge 
data 430-438; Peripheral 
Circulation Disease 440-459. 
Population:  2.13-2.42 million 
residents 
Study Design:  Time series 
Statistical Analysis:  GAMs to 
estimate log RR per unit changes, 
stepwise regression used to select 
minimum number of air 
pollutants in multipollutant 
models. 
Covariates:  long-term trends, 
seasonal variation, day of wk, 
temperature, and humidity. 
Statistical Package:  SPLUS 
Lag(s):  0-2 day 
 

NO2 daily avg (ppb) 
Mean:  25.2 
5th percentile:  13 
25th percentile:  19 
50th percentile:  24 
75th percentile:  30 
95th percentile:  42 
Max:  82 
 
 
Multiple day avgs used in 
models 

PM2.5 (0.50) 
PM10-2.5 (0.38) 
PM10 (0.52) 
CO (0.55) 
SO2 (0.55) 
O3 (!0.04) 
 

Results reported for % increase in hospital 
admissions for an increment increase in 
NO2 equal to the mean value. 
 
Single Pollutant Models: 
Dysrhythmias:  5.33 (1.73) 3-day avg, lag 0 
Heart Failure:  9.48 (6.33), 1 day,  lag 0 
IHD:  9.73 (8.4) 2-day avg, lag 0 
Cerebrovascular disease:  1.98 (1.34), 
1 day, lag 0 
Peripheral circulation:  3.57 (1.78), 1-day,  
lag 0 
 
Multipollutant Models: 
Heart failure 
6.89 (w/ CO) 
6.68 (w/ CO, PM2.5) 
6.33 (w/ CO, PM2.5, PM10-2.5) 
6.45 (w/ CO, PM2.5, PM10-2.5, PM10) 
IHD 
8.34 (w/ CO, SO2) 
7.76 (w/ CO, SO2, PM2.5) 
8.41 (w/ CO, SO2, PM2.5, PM10-2.5) 
8.52 (w/ CO, SO2, PM2.5, PM10-2.5, PM10) 
In multipollutant models, gaseous 
pollutants were selected by stepwise 
regression.  PM variables were then added 
to the model.   
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TABLE AX6.4-1 (cont’d).  HUMAN HEALTH EFFECTS OF OXIDES OF NITROGEN:  CVD HOSPITAL ADMISSIONS 
AND VISITS:  UNITED STATES AND CANADA 

Reference, Study 
Location, & Period Outcomes, Design, & Methods 

Mean Levels & Monitoring 
Stations 

Copollutants 
(Correlations) 

Effects:  Relative Risk or Percent Change 
& Confidence Intervals ([95% Lower, 

Upper]) 
Morris et al. (1995) 
US (Chicago, Detroit, 
LA, Milwaukee, 
NYC, Philadelphia) 
 
Study Period:  
1986-1989, 4 yr 

Outcome(s) (ICD9):  CHF 428.  
Daily Medicare hospital 
admission records. 
Study Design:  Time series 
Statistical Analyses:  GLM, 
negative binomial distribution 
Age groups analyzed:  $65 yrs  
Covariates:  temperature, 
indicator variables for mo to 
adjust for weather effects and 
seasonal trends, day of wk, yr 
Statistical Software:  S-PLUS 
Lag(s):  0-7 day 
 

NO2 1 h-max (ppb) 
Mean (SD) 
LA:  0.077 (0.028) 
Chicago:  0.045 (0.013) 
Philadelphia:  0.054 (0.017) 
New York:  0.064 (0.022) 
Detroit:  0.041 (0.015) 
Houston:  0.041 (0.017) 
Milwaukee:  0.040 (0.014) 

SO2 1-h max 
O3 1-h max 
CO 1-h max 
 
Correlations of 
NO2 with other 
pollutants strong. 
 
Multipollutant 
models run. 

Results reported for RR of admission for 
CHF associated with an incremental increase 
in NO2 of 10 ppb. 
 
CHF:  
LA:  1.15 (1.10, 1.19) 
Chicago:  1.17 (1.07, 1.27) 
Philadelphia:  1.03 (0.95, 1.12) 
New York:  1.07 (1.02, 1.13) 
Detroit:  1.04 (0.92, 1.18) 
Houston:  0.99 (0.88, 1.10) 
Milwaukee:  1.05 (0.89, 1.23) 
 
RR diminished in multipollutant models  
(4 copollutants).   
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TABLE AX6.4-1 (cont’d).  HUMAN HEALTH EFFECTS OF OXIDES OF NITROGEN:  CVD HOSPITAL ADMISSIONS 
AND VISITS:  UNITED STATES AND CANADA 

Reference, Study 
Location, & Period Outcomes, Design, & Methods 

Mean Levels & 
Monitoring Stations 

Copollutants 
(Correlations) 

Effects:  Relative Risk or Percent Change 
& Confidence Intervals ([95% Lower, 

Upper]) 
Wellenius et al. 
(2005a) 
Birmingham, 
Chicago, Cleveland, 
Detroit, Minneapolis, 
New Haven, 
Pittsburgh, Seattle 
 
Study Period: Jan 
1986-Nov 1999 
(varies slightly 
depending on city) 

Outcome(s) IS, primary diagnosis of acute 
but ill-defined cerebrovascular disease or 
occlusion of the cerebral arteries; HS, 
primary diagnosis of intracerebral 
hemorrhage.  ICD codes not provided.  
Hospital admissions ascertained from the 
Centers for Medicare and Medicaid 
Services.  Cases determined from discharge 
data were admitted from the ER to the 
hospital. 
N IS:  155,503 
N HS:  19,314 
Study Design:  Time-stratified case 
crossover.  Control days chosen such that 
they fell in same mo and same day of wk.  
Design controls for seasonality, time 
trends, chronic and other slowly varying 
potential confounders. 
Statistical Analysis:  2-stage hierarchical 
model (random effects), conditional 
logistic regression for city effects in the 
first stage 
Software package:  SAS 
Covariates:   
Lag(s):  0-2, unconstrained distributed lags  

NO2 24 h (ppb) 
10th:  13.71 
25th:  18.05 
Median:  23.54 
75th:  29.98 
90th:  36.54 
 
NO2 data not 
available for 
Birmingham, Salt 
Lake, and Seattle 

PM10 (0.53) 
 
CO, SO2 
 
Correlation only 
provided for PM 
because study 
hypothesis 
involves PM 

Results reported for percent increase in 
stroke admissions for an incremental 
increase in NO2 equivalent to one IQR 
(11.93). 
 
Ischemic Stroke:  2.94 (1.78, 4.12), lag 0 
Hemorrhagic Stroke:  0.38 (!2.66, 3.51), 
lag 0 
 
Multipollutant models not run. 
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TABLE AX6.4-1 (cont’d).  HUMAN HEALTH EFFECTS OF OXIDES OF NITROGEN:  CVD HOSPITAL ADMISSIONS 
AND VISITS:  UNITED STATES AND CANADA 

Reference, Study 
Location, & Period Outcomes, Design, & Methods 

Mean Levels & 
Monitoring Stations 

Copollutants 
(Correlations) 

Effects:  Relative Risk or Percent Change 
& Confidence Intervals ([95% Lower, 

Upper]) 
Fung et al. (2005) 
Windsor, Ontario, 
Canada 
 
Study Period:   
April 1995-Jan 2000 

Outcome(s) (ICD9):  CHF 428; IHD 
410-414; dysrhythmias 427.  Hospital 
admissions from Ontario Health 
Insurance Plan records. 
Study Design:  Time series 
Statistical Analysis:  GLM 
N: 11,632 cardiac admission, 4.4/day 
for 65+ age group 
Age groups analyzed:  65+, <65 yr 
Statistical Software:  SPLUS 
Lag(s):  lag 0, 2, 3 day avg 
 

NO2 1-h max (ppb): 
Mean (SD):  38.9 (12.3) 
Min:  0 
Max:  117 

SO2 (0.22) 
CO (0.38) 
O3 (0.26) 
COH (0.39) 
PM10 (0.33) 
 

Results expressed as percent change 
associated with an incremental increase in 
NO2 equivalent to the IQR (16 ppb) 
 
Cardiac: 
65+ age group: 
0.8 (2.2, 3.9), lag 0 
0.9 (!2.7, 4.6), 2-day avg (lag 0-1) 
0.8 (!3.3, 5.0), 3-day avg (lag 0-2) 
 
Effect for NO2 not observed in these data.  
Association of SO2 with cardiac admissions 
observed. 
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TABLE AX6.4-1 (cont’d).  HUMAN HEALTH EFFECTS OF OXIDES OF NITROGEN:  CVD HOSPITAL ADMISSIONS 
AND VISITS:  UNITED STATES AND CANADA 

Reference, Study 
Location, & Period Outcomes, Design, & Methods 

Mean Levels & 
Monitoring Stations 

Copollutants 
(Correlations) 

Effects:  Relative Risk or Percent Change 
& Confidence Intervals ([95% Lower, 

Upper]) 
Linn et al. (2000) * 
Metropolitan Los 
Angeles, USA 
 
Study Period:   
1992-1995  

Outcome(s) (ICD9):  CVD  
390-459; Cerebrovascular 430-
438; CHF 428; MI 410; cardiac 
ARR 427; Occlusive Stroke 430-
435.  Hospital admission records 
used to ascertain cases. 
Study Design:  Time series 
Statistical Analyses:  Poisson 
regression, GAM 
Covariates:  day of wk, holidays, 
long-term trend, seasonal variation, 
temperature, humidity 
Lag(s):  0-1 
Seasons:  Winter, Spring, Summer, 
Autumn 
Statistical Software:  SPSS, SAS 

NO2 24 h (pphm) 
 
Winter 
Mean:  (SD) 3.4 (1.3) 
Range:  1.1, 9.1 
Spring 
Mean (SD):  2.8 (0.9) 
Range:  1.1, 6.1 
Summer 
Mean (SD):  3.4 (1.0) 
Range:  0.7, 6.7 
Autumn 
Mean (SD):  4.1 (1.4) 
Range:  1.6, 8.4 

CO (0.84, 0.92) 
O3 (!0.23, 0.11) 
PM10 (!0.67, 0.8) 
 
Range in 
correlations depends 
on the season, 
independent effects 
of pollutants could 
not be distinguished. 
 
# Stations:  6+ 

Results reported as increase % increase in 
admission for a 10 ppb increase in NO2.  
SD in parentheses.  Season-specific 
increases reported when statistically 
significant. 
 
CVD 
All Seasons:  1.4 (0.2) 
Winter:  1.6 (0.4) 
Spring:  0.1 (0.6) 
Summer:  1.1 (0.5) 
Autumn:  1.4 (0.3) 
Cerebrovascular 
All Seasons:  0.4 (0.4) 
Winter:  !1.3 (0.7) 
Spring:  4.2 (1.2) 
Summer:  0.9 (1.2) 
Autumn:  0.7 (0.6) 
MI 
1.1 (0.5) 
CHF 
1.0 (0.5), winter 1.9 (0.9) 
Cardiac Arrhythmia 
0.6 (0.5) 
Occlusive stroke 
2.0 (0.5), winter 2.7 (1.0), autumn  0.1 
(0.05)  
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TABLE AX6.4-1 (cont’d).  HUMAN HEALTH EFFECTS OF OXIDES OF NITROGEN:  CVD HOSPITAL ADMISSIONS 
AND VISITS:  UNITED STATES AND CANADA 

Reference, Study 
Location, & Period Outcomes, Design, & Methods 

Mean Levels & 
Monitoring Stations 

Copollutants 
(Correlations) 

Effects:  Relative Risk or Percent Change 
& Confidence Intervals ([95% Lower, 

Upper]) 
Lippmann et al. 
(2000*; reanalysis Ito, 
2003, 2004) 
Windsor Ontario (near 
Detroit MI) 
 
Study period:  
1992-1994 (hospital 
admissions – mortality 
study spanned longer 
period) 

Outcome(s):  IHD 410-414; 
dysrhythmias 427; heart failure 428; 
stroke 431-437. 
Study Design:  Time series 
Statistical Analysis:  Poisson regression 
GAM.  Results of reanalysis by Ito 
2003, 2004 with GLM are presented. 
Lag(s):  0-3 day 
 

NO2 24-h avg (ppb) 
5th %:  11 
25th %:  16 
50th %:  21 
75th %:  26 
95th %:  36 
Mean:  21.3 

PM10 (0.49) 
PM2.5 (0.48) 
PM10-2.5 (0.32) 
H+ (0.14) 
SO4 (0.35) 
O3 (0.14) 
SO2 (0.53) 
CO (0.68) 

Results reported for RR for incremental 
increase in NO2 of 5th to 95th percentile. 
 
IHD 
1.01 (0.94, 1.10), lag 0 
Dysrhythmias 
0.98 (0.86, 1.12) 
Heart Failure 
1 (0.91, 1.09) 
Stroke 
0.99 (0.90, 1.09) 

Mann et al. (2002)* 
South coast air basin 
of CA, US 
 
Study Period:   
1988-1995, 8 yr 

Outcome(s) IHD 410-414; or IHD with 
accompanying diagnosis of CHF 428; 
or Arrhythmia 426, 427; Ascertained 
through health insurance records.  
Study Design:  Time series 
N:  54,863 IHD admissions 
Age groups analyzed:  #40; 40-59; 
$60. 
Statistical Analysis:  Poisson regression 
with GAM, results pooled across air 
basins using inverse variance weighting 
as no evidence of heterogeneity was 
observed. 
Covariates:  study day, temperature, 
relative humidity, day of wk. 
Lag(s):  0-2, 2-4 day moving avg 
Software:  SPLUS 
Seasons:  Some analyses restricted to 
April-October 

NO2 24-h avg (ppb): 
Exposure assigned for 
each air basin based 
on health insurance 
participant’s zip code.  
 
Mean (SD):  37.2 
(15.7) 
Range:  3.69, 138 
Median:  34.8 
 
# Stations:  25-35 

O3 8 h-max  
(!0.16, 0.54) 
CO 8-h max 
(0.64, 0.86) 
PM10 24-h avg 
(0.36, 0.60) 
 
Range depends 
on air basin 
 
No multipollutant 
models run.  
Traffic pollution 
generally 
implicated in 
findings. 
 

Results reported for percent increase in 
admissions for a 10 ppb incremental increase 
in NO2. 
 
All IHD 
1.68 (1.08, 2.28) 
IHD w/ secondary diagnosis of Arrhythmia: 
1.81 (0.78, 2.85) 
IHD w/ secondary diagnosis of CHF: 
2.32 (0.69, 3.98) 
IHD w/ no secondary diagnosis: 
0.46 (!0.81, 1.74) 
 
Effect of secondary diagnosis strongest in 
the 40-59 age group.  
Group with secondary CHF may be sensitive 
subpopulation or their vulnerability may be 
due to greater prevalence of MI as the 
primary diagnosis. 
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TABLE AX6.4-1 (cont’d).  HUMAN HEALTH EFFECTS OF OXIDES OF NITROGEN:  CVD HOSPITAL ADMISSIONS 
AND VISITS:  UNITED STATES AND CANADA 

Reference, Study 
Location, & Period Outcomes, Design, & Methods 

Mean Levels & 
Monitoring Stations 

Copollutants 
(Correlations) 

Effects:  Relative Risk or Percent Change 
& Confidence Intervals ([95% Lower, 

Upper]) 
Metzger et al. (2004) 
Atlanta, GA 
 
Period of Study:  Jan 
1993-Aug 31 2000, 
4 yr 
 
 
 

Outcome(s):  IHD 410-414; AMI 
410; Dysrhythmias 427; cardiac 
arrest 427.5; congestive heart 
failure 428; peripheral and 
cerebrovascular disease 433-437, 
440, 443-444, 451-453; 
atherosclerosis 440; stroke 436.  
ED visits from billing records. 
N:  4,407,535 visits, 37 CVD 
visits/day 
# Hospitals:  31 
Age groups analyzed:  adults $19, 
elderly 56+ 
Statistical Analysis:  Poisson 
regression, GLM.  Sensitivity 
analyses using GEE and GAM 
(strict convergence criteria) 
Covariates:  long-term trends, 
mean and dew point temp, relative 
humidity (cubic splines) 
Statistical Software:  SAS  
Season:  Warm, April 15-October 
14; Cool, October 15-April 14. 
Lag(s):  0-3 day 
 

NO2 1-h max (ppb):  
Median:  26.3 
10th-90th percentile  
range 25, 68 
 

PM10 24 h (0.49) 
O3 8-h max (0.42) 
SO2 (0.34) 
CO 1 h (0.68) 
 
1998-2000 Only 
PM2.5 (0.46) 
Course PM (.46) 
Ultrafine PM (.26) 
Water-soluble 
metals (.32) 
Sulfates (.17) 
OC (0.63) 
EC (.37) 
OHC (0.3) 
 
Multipollutant 
models used.  All 
models specified a 
priori. 

Results presented for RR of an incremental 
increase in NO2 equivalent to 1 SD (3-day 
moving avg). 
 
All CVD:  1.025 (1.012, 1.039) 
Dysrhythmia:  1.019 (0.994, 1.044) 
CHF:  1.010 (0.981, 1.040) 
IHD:  1.029 (1.005, 1.053) 
PERI:  1.041 (1.013, 1.069) 
Finger wounds 1.010 (0.993, 1.027) 
 
NO2 effect was generally attenuated in 
two-pollutant models.  The attenuation was 
strongest in the period after 1998.  
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TABLE AX6.4-1 (cont’d).  HUMAN HEALTH EFFECTS OF OXIDES OF NITROGEN:  CVD HOSPITAL ADMISSIONS 
AND VISITS:  UNITED STATES AND CANADA 

Reference, Study 
Location, & Period Outcomes, Design, & Methods 

Mean Levels & 
Monitoring Stations 

Copollutants 
(Correlations) 

Effects:  Relative Risk or Percent Change 
& Confidence Intervals ([95% Lower, 

Upper]) 
Moolgavkar (2000b)* 
Cook County IL, Los 
Angeles County, CA, 
Maricopa County, 
AZ 
 
1987-1995 

Outcome(s) (ICD9):  CVD  
390-429; Cerebrovascular disease 
430-448.  Hospital admissions 
from CA department of health 
database. 
Age groups analyzed:  20-64, 65+ 
yrs 
Study Design:  Time series 
N:  118 CVD admissions/day 
# Hospitals:  NR 
Statistical Analysis:  Poisson 
regression, GAM 
Covariates:  adjustment for day 
of wk, long term temporal trends, 
relative humidity, temperature 
Statistical Package:  SPLUS 
Lag:  0-5 days 

NO2 24-h avg (ppb)  
Cook County: 
Min:  7 
Q1:  20 
Median:  25 
Q3:  30 
Max:  58 
 
NO2 24-h avg (ppb) LA 
County: 
Min:  10 
Q1:  30 
Median:  38 
Q3:  48 
Max:  102 
 
NO2 24-h avg (ppb) 
Maricopa County: 
Min:  2 
Q1:  14 
Median:  19 
Q3:  26 
Max:  56 

PM10 (0.22, 0.70) 
PM2.5 (0.73) (LA 
only) 
CO (0.63, 0.80) 
SO2 (0.02, 0.74) 
O3 (!0.23, 0.02) 
 
Two-pollutant 
models (see results) 

Results reported for percent change in 
hospital admissions per 10 ppb increase in 
NO2.  T statistic in parentheses. 
 
CVD, 65+:  
Cook County 
2.9 (10.2), lag 0 
2.3 (6.7), lag 0, two-pollutant model (PM10) 
2.9 (8.1), lag 0, two-pollutant model (CO) 
2.8 (8.8), lag 0, two-pollutant model (SO2) 
LA County 
2.3 (16.7), lag 0 
!0.1 (!0.5), lag 0, two-pollutant model (CO) 
1.7 (8.0), lag 0, two-pollutant model (SO2) 
Maricopa County 
2.9 (4.1), lag 0 
!0.3 (!0.3), lag 0, two-pollutant model (CO) 
2.6 (3.6), lag 0, two-pollutant model (SO2) 
 
Cerebrovascular Disease, 65+: 
Cook County 
1.6 (3.6) 
LA County 
(5.7) 
 
Effect size generally diminished with 
increasing lag time.  Increase in hospital 
admissions (1.3 for CVD and 1.9 for 
cerebrovascular) also observed for the 
20-64 age group. 
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TABLE AX6.4-1 (cont’d).  HUMAN HEALTH EFFECTS OF OXIDES OF NITROGEN:  CVD HOSPITAL ADMISSIONS 
AND VISITS:  UNITED STATES AND CANADA 

Reference, Study 
Location, & Period Outcomes, Design, & Methods 

Mean Levels & 
Monitoring Stations 

Copollutants 
(Correlations) 

Effects:  Relative Risk or Percent Change 
& Confidence Intervals ([95% Lower, 

Upper]) 
Moolgavkar (2003) 
Cook County IL, Los 
Angeles County, CA, 
Maricopa County, 
AZ 
 
1987-1995 

Outcome(s) (ICD9):  CVD  
390-429; Cerebrovascular disease 
430-448 was not considered in the 
reanalysis.  Hospital admissions 
from CA department of health 
database. 
Age groups analyzed:  20-64,  
65+ yrs 
Study Design:  Time series 
N: 118 CVD admissions/day 
# Hospitals:  NR 
Statistical Analysis:  Poisson 
regression, GAM with strict 
convergence criteria (10-8),  
GLM using natural splines  
Covariates:  adjustment for day of 
wk, long-term temporal trends, 
relative humidity, temperature 
Statistical Package:  SPLUS 
Lag:  0-5 days 

NO2 24-h avg (ppb) 
Cook County: 
Min:  7 
Q1:  20 
Median:  25 
Q3:  30 
Max:  58 
NO2 24-h avg (ppb) 
LA County: 
Min:  10 
Q1:  30 
Median:  38 
Q3:  48 
Max:  102 
 
NO2 24-h avg (ppb) 
Maricopa County: 
Min:  2 
Q1:  14 
Median:  19 
Q3:  26 
Max:  56 

PM10 (0.22, 0.70) 
PM2.5 (0.73) (LA only) 
CO (0.63, 0.80) 
SO2 (0.02, 0.74) 
O3 (!0.23, 0.02) 
 
Two-pollutant models 
(see results) 

Results for CVD not shown but use of 
stringent criteria in GAM did not alter 
results substantially.  However, increased 
smoothing of temporal trends attenuated 
results for all gases.   

A
ugust 2007 

A
X

6-79 
D

R
A

FT-D
O

 N
O

T Q
U

O
TE O

R
 C

ITE

 

 



 

TABLE AX6.4-1 (cont’d).  HUMAN HEALTH EFFECTS OF OXIDES OF NITROGEN:  CVD HOSPITAL ADMISSIONS 
AND VISITS:  UNITED STATES AND CANADA 

Reference, Study 
Location, & Period Outcomes, Design, & Methods 

Mean Levels & 
Monitoring Stations 

Copollutants 
(Correlations) 

Effects:  Relative Risk or Percent Change 
& Confidence Intervals ([95% Lower, 

Upper]) 
Peel et al. (2006) 
Atlanta, GA 
 
Study Period:   
Jan 1993-Aug 2000 
 
 

Outcome(s) (ICD9):  IHD 410-414; 
dysrhythmia 427; CHF 428; 
peripheral vascular and 
cerebrovascular disease 433-437, 
440, 443, 444, 451-453.  
Computerized billing records for ED 
visits. 
Comorbid conditions:  hypertension 
401-405;  diabetes 250; dysrhythmia 
427, CHF 428; atherosclerosis 440; 
COPD 491, 492, 496; pneumonia 
480-486; upper respiratory infection 
460-465, 466.0; asthma 493, 786.09. 
# Hospitals:  31 
N:  4,407,535 visits 
Study Design: case crossover.  CVD 
outcomes among susceptible groups 
with Comorbid conditions. 
Statistical Analyses:  Conditional 
logistic regression. 
Covariates:  cubic splines for 
temperature and humidity included 
in models.  Time independent 
variables controlled through design. 
Statistical Software:  SAS 
Lag(s):  3-day avg, lagged 0-2 day  

NO2 1-h max (ppb):   
Mean (SD):  45.9 (17.3) 
10th:  25.0 
90th:  68.0 
 
 
 

PM10 24-h avg 
O3 8-h max 
SO2 1-h max 
CO 1-h max  
 
Correlations not 
reported 

Results expressed as OR for association of 
CVD admissions with a 20 ppb incremental 
increase in NO2. 
 
Comorbid Hypertension 
IHD:  1.036 (0.997, 1.076) 
Dysrhythmia:  1.095 (1.030, 1.165) 
PERI:  1.031 (0.987, 1.076) 
CHF:  1.037 (0.985, 1.090) 
 
Comorbid Diabetes: 
IHD:  1.003 (0.95, 1.059) 
Dysrhythmia:  1.158 (1.046, 1.282) 
PERI:  1.012 (0.947, 1.082) 
CHF:  1.017 (0.959, 1.078) 
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TABLE AX6.4-1 (cont’d).  HUMAN HEALTH EFFECTS OF OXIDES OF NITROGEN:  CVD HOSPITAL ADMISSIONS 
AND VISITS:  UNITED STATES AND CANADA 

Reference, Study 
Location, & Period Outcomes, Design, & Methods 

Mean Levels & 
Monitoring Stations 

Copollutants 
(Correlations) 

Effects:  Relative Risk or Percent Change 
& Confidence Intervals ([95% Lower, 

Upper]) 
Schwartz, (1997) * 
Tuscon, AZ 
 
Study Period:  
Jan 1988-Dec 1990. 

Outcome(s) (ICD9):  CVD 390-
429.  Ascertained from hospital 
discharge records. 
Study Design:  Time series 
Statistical Analysis:  Poisson 
regression, GAM 
Age groups analyzed:  65+ 
Covariates:  long-term  and 
seasonal trends, day of the wk, 
temperature, dew point,  
Statistical Software:  SPLUS 
 

NO2 24-h avg (ppb): 
Mean:  19.3 
10th:  9.9  
25th:  13.2 
50th:  19 
75th:  24.6 
90th:  29.8 

PM10 (0.326) 
O3 (!0.456) 
SO2 (0.482) 
CO (0.673) 

Results reported as a percent increase in 
admission for an increment in NO2 
equivalent to the IQR (11.4 ppb). 
 
CVD 0.69% (!2.3, 3.8) 
Tuscon selected to minimize correlations 
between pollutants.  Since there was no 
association between NO2 and admissions, 
author suggests results for CO not 
confounded by NO2. 

Stieb et al. (2000) * 
Saint John, New 
Brunswick Canada 
 
Study Period: July 
1992-March 1996 

Outcome(s):  Angina pectoris; MI; 
dysrhythmia/conduction 
disturbance; CHF; All Cardiac.  
ED Visits collected prospectively. 
Study Design:  Time series 
Statistical Analyses:  Poisson 
regression, GAM 
N:  19,821 ER visits 
# Hospitals:  2 
Lag(s):  1-8 days 

NO2 24-h avg (ppb) 
Mean (SD):  8.9 (5.5) 
95th:  19 
Max:  35 
 
NO2 max (ppb) 
Mean (SD):  20.2 
95th:  39 
Max:  82 

CO (0.68) 
H2S (!0.07) 
O3 (!0.02) 
SO2 (0.41) 
PM10 (0.35) 
PM2.5 (0.35) 
H+ (!0.25) 
SO4 (0.33) 
COH (0.49) 

Results reported for percent change in 
admissions based on a single pollutant model 
for incremental increase in NO2 equivalent 
to 1 IQR (8.9 ppb) 
 
Cardiac visits: 
!3.9, p-value = 0.136, lag 2, all yr 
10.1, p-value = 0.051, lag 5, May-September 
 
For specific CVD diagnoses, ARR and CHF 
approached significance.  NO2 was not a 
focus of this paper.   
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TABLE AX6.4-1 (cont’d).  HUMAN HEALTH EFFECTS OF OXIDES OF NITROGEN:  CVD HOSPITAL ADMISSIONS 
AND VISITS:  UNITED STATES AND CANADA 

Reference, Study 
Location, & Period Outcomes, Design, & Methods 

Mean Levels & 
Monitoring Stations 

Copollutants 
(Correlations) 

Effects:  Relative Risk or Percent Change 
& Confidence Intervals ([95% Lower, 

Upper]) 
Villeneuve et al. 
(2006) 
Edmonton, Canada 
 
Study Period: April 
1992-March 2002 

Outcome(s) (ICD9):  Acute 
ischemic stroke 434, 436; 
hemorrhagic stroke 430, 432; 
transient ischemic attach (TIA) 
435; Other 433, 437, 438.  ED 
visits supplied by Capital Health. 
N:  12,422 Stroke Visits 
Catchment area:  1.5 million 
people 
Study Design:  case-crossover, 
exposure index time compared to 
referent time.  Time-independent 
variables controlled in the design.  
Index and referent day matched by 
day of wk.  
Statistical Analysis:  Conditional 
logistic regression, stratified by 
season and gender.  
Covariates:  temperature and 
humidity 
Statistical Software:  SAS 
Season:  Warm:  April-September; 
Cool:  October-March. 
Lag(s):  0, 1, 3 day avg 

NO2 24 h ppb: 
All yr 
Mean (SD):  24 (9.8) 
Median:  22.0 
25th:  16.5 
75th:  30.0 
IQR:  13.5 
Summer 
Mean (SD):  18.6 (6.4) 
Median:  17.5 
25th:  14.0 
75th:  22.0 
IQR:  8 
Winter 
Mean (SD):  29.4 (9.6) 
Median:  28.5 
25th:  22.5 
75th:  35.5 
IQR:  13.0 

O3 24-h max (!0.33) 
O3 24-h avg (!0.51) 
SO2 25-h avg (0.42) 
CO 24-h avg (0.74) 
PM10 24-h avg (0.34) 
PM2.5 24-h avg (0.41) 
 
All yr correlations 
summarized. 

Results reported for an incremental 
increase in NO2 equivalent to one IQR 
NO2. 
 
Ischemic Stroke, Summer 
1.17 (1.05, 1.31), lag 0 
1.18 (1.05, 1.31), lag 1 
1.26 (1.09, 1.46), 3 day avg 
Hemorrhagic stroke, Summer 
1.16 (0.99, 1.37) 
1.14 (0.97, 1.35) 
1.18 (0.95, 1.46) 
 
TIA not associated with increase in NO2.  
Above results are strongest effects, which 
were observed during summer. 
 
Authors attribute NO2 effect to vehicular 
traffic since NO2 and CO are highly 
correlated. 
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TABLE AX6.4-1 (cont’d).  HUMAN HEALTH EFFECTS OF OXIDES OF NITROGEN:  CVD HOSPITAL ADMISSIONS 
AND VISITS:  UNITED STATES AND CANADA 

Reference, Study 
Location, & Period Outcomes, Design, & Methods 

Mean Levels & 
Monitoring Stations 

Copollutants 
(Correlations) 

Effects:  Relative Risk or Percent Change 
& Confidence Intervals ([95% Lower, 

Upper]) 
Wellenius et al. 
(2005b) 
Allegheny County, 
PA (near Pittsburgh) 
 
Study Period: Jan 
1987-Nov 1999 

Outcome(s):  CHF 428.  Cases are 
Medicare patients admitted from 
ER with discharge of CHF. 
Study Design:  Case crossover, 
control exposures same mo and 
day of wk, controlling for season 
by design. 
Statistical Analysis:  Conditional 
logistic regression 
N:  55,019 admissions, including 
repeat admissions, 86% admitted 
#5 times 
Age groups analyzed:  65+ yrs 
(Medicare recipients) 
Covariates:  Temperature and 
pressure.  Effect modification by 
age, gender, secondary diagnosis 
arrhythmias, atrial fibrillation, 
COPD, hypertension, type 2 
diabetes, AMI within 30 days, 
angina pectoris, IHD, acute 
respiratory infection. 
Statistical Software:  SAS 
Lag(s):  0-3 

NO2 24-h avg (ppb): 
Mean (SD) 26.48 (8.02) 
5th:  15.10 
25th:  20.61 
Median:  25.70 
75th:  31.30 
95th:  4102 
 
# Stations:  2  

PM10 (0.64) 
CO (0.70) 
O3 (!0.04) 
SO2 (0.52) 
 

Results reported for the percent increase in 
admissions for an increment of NO2 
equivalent to one IQR (11 ppb) 
 
CHF, single-pollutant model 
4.22 (2.61, 5.85), lag 0 
 
CHF, two-pollutant model 
4.05 (1.83, 6.31), adjusted for PM10 
!0.37 (!2.59, 1.89), adjusted for CO 
3.73 (2.10, 5.39), adjusted for O3 
3.79 (1.93, 5.67), adjusted for SO2 
 
CHF admission was 3 x higher among those 
with history of MI. 
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TABLE AX6.4-1 (cont’d).  HUMAN HEALTH EFFECTS OF OXIDES OF NITROGEN:  CVD HOSPITAL ADMISSIONS 
AND VISITS:  UNITED STATES AND CANADA 

Reference, Study 
Location, & Period Outcomes, Design, & Methods 

Mean Levels & 
Monitoring Stations 

Copollutants 
(Correlations) 

Effects:  Relative Risk or Percent Change 
& Confidence Intervals ([95% Lower, 

Upper]) 
Zanobetti and 
Schwartz (2006) 
Boston, MA 
1995-1999 

Outcome(s) (ICD9):  MI 410.  
Admissions through the emergency 
room from Medicare claims.  
Age group analyzed:  65+ yrs 
Study Design:  Case crossover, 
control days matched yr, mo and 
temperature 
Statistical Analysis:  Conditional 
logistic regression 
N:  15,578 
Covariates:  temperature 
(regression spline), day of wk 
Seasons:  Hot (April-September) 
and cold 
Software:  SAS 
Lags:  0, 0-1 previous day avg 

NO2 24-h avg ppb 
5th:  12.59 
25th:  18.30 
Median:  23.20 
75th:  29.13 
95th:  
90th-10th:  20.41 
 
# Stations:  4 

O3 (!0.14) 
BC (0.70) 
CO (0.67) 
PM2.5 (0.55) 
PM non-traffic (0.14) 
(residuals from model 
of PM2.5 regressed on 
BC) 

Results reported for percent increase in 
admissions for incremental increase in NO2 
equivalent to the 90th-10th percentiles 
(20.41 or 16.80 for 0-1, previous day avg). 
 
MI 
10.21 (3.82, 15.61), lag 0 
12.67 (5.82, 18.04), lag 0-1, previous 
day avg 
 
Results suggest traffic exposure is 
responsible for the observed effect.  Effects 
more pronounced in the summer season. 
 

* Default GAM 
 
AMI Acute Myocardial 
Infarction 
ARR Arrhythmia  
BC Black Carbon 
COH coefficient of haze 
CP Course Particulate 

CVD Cardiovascular Disease 
EC Elemental Carbon 
FP Fine Particulate 
HS Hemorrhagic Stroke 
ICD9 International Classification of Disease, 
9th Revision 
IHD Ischemic Heart Disease 
IS ischemic stroke 

MI Myocardial Infarction 
OC Organic Carbon 
OHC Oxygenated 
Hydrocarbons 
PERI Peripheral Vascular 
and Cerebrovascular Disease 
PM Particulate Matter 
 

PIH primary intracerebral 
hemorrhage 
PNC Particle Number 
Concentration 
SHS Subarachnoid 
hemorrhagic stroke 
TP Total Particulate 
UBRE Unbiased Risk 
Estimator 
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TABLE AX6.4-2.  HUMAN HEALTH EFFECTS OF OXIDES OF NITROGEN:  CVD HOSPITAL ADMISSIONS AND 
VISITS:  AUSTRALIA AND NEW ZEALAND 

Reference, Study 
Location, & Period Outcomes, Design, & Methods 

Mean Levels & 
Monitoring Stations 

Copollutants 
(Correlations) 

Effects:  Relative Risk or Percent Change & 
Confidence Intervals ([95% Lower, Upper]) 

Barnett et al. (2006) 
Australia and New 
Zealand:  Brisbane, 
Canberra, Melbourne, 
Perth, Sydney 
 
 
Period of Study:   
1998-2001 
 
 

Outcome(s) (ICD9):  All CVD 
390-459; ARR 427; Cardiac 
disease 390-429; Cardiac failure 
428; IHD 410-413; MI 410; 
Stroke 430-438.  
Ages groups analyzed:  15-64 yrs, 
$65yrs 
Study Design:  Time stratified, 
case-crossover, multicity study  
# of Hospitals:  All ER 
admissions from state government 
health departments 
Statistical Analyses:  Random 
effects meta analysis, 
heterogeneity assessed using I2 
statistic.  
Covariates:  Matched analysis 
controlling for long-term trend, 
seasonal variation and respiratory 
epidemics.  Temperature (current-
previous day) and relative 
humidity, pressure, extremes of 
hot and cold, days of wk, 
holidays, day after holiday, 
rainfall in some models.  Matched 
on copollutants.  
Statistical Package:  SAS 
Lag:  0-3 
 

NO2 (ppb) 
1-h avg:  15.7, 23-2 
24-h avg:  7.1, 11.5 
IQR:  5.1  
 
# of Stations:  1-13 
depending on the city 
 
 

PM10 24 h 
CO 24 h  
SO2 24 h 
O3 8 h 
BS 24 h 
 
Matched analysis 
conducted to 
control for 
copollutants 

Results reported for % change in hospital 
admissions associated with one IQR increase in 
NO2  
 
Arrhythmia 
$65:  0.4 (!1.8, 2.6) 
15-64:  5.1 (2.2, 8.1) 
Cardiac 
$65:  3.4 (1.9, 4.9) 
15-64:  2.2 (0.9, 3.4) 
Cardiac failure 
$65:  6.9 (2.2, 11.8)  
15-64:  4.6 (0.1, 6.1) 
IHD 
$65:  2.5 (1.0, 4.1) 
15-64:  0.7 (!1.0, 2.4) 
MI 
$65:  4.4 (1.0, 8.0) 
15-64:  1.7 (!1.1, 2.4) 
All CVD 
$65:  3.0 (2.1, 3.9) 
15-64:  1.7 (0.6, 2.8) 
 
NO2 association became smaller when matched 
with CO.  Authors hypothesize that NO2 is a 
good surrogate for PM which may explain these 
associations. 
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TABLE AX6.4-2 (cont’d).  HUMAN HEALTH EFFECTS OF OXIDES OF NITROGEN:  CVD HOSPITAL ADMISSIONS AND 
VISITS:  AUSTRALIA AND NEW ZEALAND 

Reference, Study 
Location, & Period Outcomes, Design, & Methods 

Mean Levels & Monitoring 
Stations 

Copollutants 
(Correlations) 

Effects:  Relative Risk or Percent Change & 
Confidence Intervals ([95% Lower, Upper]) 

Simpson et al. (2005b) 
Australia (Brisbane, 
Melbourne, Perth, 
Sydney). 
 
Study Period:   
Jan 1996-Dec 1999 

Outcome(s) (ICD9):  Cardiac 
disease 390-429; IHD 410-413; 
stroke 430-438. 
Study Design:  Time series. 
Statistical analysis:  APHEA2 
protocol, GAM (did not indicate 
use of stringent convergence 
criteria), GLM with natural 
splines, penalized splines.  
Random effects meta-analysis 
with tests for homogeneity. 
Age groups analyzed:  All, 15-64, 
65+ 
Covariates:  long-term trend, 
temperature, humidity, day of 
wk, holidays, influenza 
epidemics 
Software package:  SPLUS, R 
Lag(s):  1-3 days 

NO 1-h max (ppb): 
 
Mean (range): 
Brisbane:  21.4 (2.1, 63.3) 
Sydney:  23.7 (6.5, 59.4) 
Melbourne:  23.7 (4.4, 66.7) 
Perth:  16.3 (1.9, 41.0)  

PM10 24 h 
PM2.5 
BS 24 h (0.29, 0.62) 
O3 1 h 
CO 8 h 
 
Not all correlations 
reported.  NO2 affect 
attenuated slightly 
when modeled with 
BS but not with O3 
 
May be confounding 
of NO2 effect by 
particulate.  

Single-city results reported for percent increase 
for an increment in 1-h max NO2 equivalent to 
one IQR.  Pooled results reported for an 
increment of 1 ppb NO2. 
 
Cardiac 
All ages:  1.0023 (1.0016, 1.0030), lag 0-1 
15-64:  1.0015 (1.0006, 1.0025), lag 0 
$65:  1.0018 (1.0011, 1.0025), lag 0-1 
IHD 
All ages:  1.0019 (1.0010, 1.0027) 
$65:  1.0017 (1.0007, 1.0027) 
 
No effect for stroke. 
 
Heterogeneity in CVD results among cities, 
probably due to different pollutant mixtures, 
may have affected the results. 

Hinwood et al. (2006) 
Perth, Australia 
 
Study Period:   
1992-1998 
 
 

Outcome(s):  All CVD 
unscheduled admissions.  
Obtained from discharge records 
using ICD9 Codes.  
Age groups analyzed:  all ages, 
65+ 
Study design:  Case crossover, 
time stratified with 3-4 controls 
within same mo 
Statistical Analysis:  conditional 
logistic regression 
N:  26.5 daily CVD admissions 
Seasons:  Nov-April, May-Oct 

NO2 24 h (ppb) 
Mean:  10.3 
SD:  5 
10th percentile:  4.4 
90th percentile:  17.1 
NO2 1-h max (ppb) 
Mean:  24.8 
SD:  10.1 
10th percentile:  13.3 
90th percentile:  37.5 
 
# of Stations:  3 

O3 1 h, 8 h (!.06) 
CO 8 h (.57) 
BSP 24 h (.39) 
 

Results reported for OR per incremental 
increase of 1 ppb NO2. 
 
All CVD (estimated from graph) 
NO2 24 h $65:  1.005 (1.001, 1.006), lag 1 
 
NO2 8 h All ages:  1.0045 (1.0012, 1.0075), 
lag 1 
NO2 8 h $65:  1.0036 (1.001, 1.0065), lag 1 
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TABLE AX6.4-2 (cont’d).  HUMAN HEALTH EFFECTS OF OXIDES OF NITROGEN:  CVD HOSPITAL ADMISSIONS 
AND VISITS:  AUSTRALIA AND NEW ZEALAND 

Reference, Study 
Location, & Period Outcomes, Design, & Methods 

Mean Levels & 
Monitoring Stations 

Copollutants 
(Correlations) 

Effects:  Relative Risk or Percent Change & 
Confidence Intervals ([95% Lower, Upper]) 

Jalaludin et al. (2006) 
Sydney, Australia 
 
Period of Study:   
Jan 1997-Dec 2001 

Outcome(s) (ICD9):  All CVD 
390-459; cardiac disease 390-
429; IHD 410-413; and 
cerebrovascular disease or stroke 
430-438; Emergency room 
attendances obtained from health 
department data. 
Age groups included:  65+ 
Study Design:  Time series, 
multi-city APHEA2 Protocol.  
Statistical Analysis:  GAM (with 
appropriate convergence criteria) 
and GLM Models.  Only GLM 
presented. 
Lag:  0-3 
Covariates:  daily avg 
temperature and daily relative, 
humidity, long-term trends, 
seasonality, weather, day of wk, 
public school holidays, outliers 
and influenza epidemics.  
Dose response:  quartile analysis 
Season:  Separate analyses for 
warm (November-April) and cool 
periods (May-October).  
 

NO2 1-h avg 
Mean:  32.2 
SD:  7.4 
Min:  5.2 
Q1:  18.2 
Median:  23 
Q3:  27.5 
Max:  59.4 
 
# of Stations:  14 

BS 24-h avg 
(0.35) 
PM10 24-h avg 
(0.44) 
PM2.5 24-h avg 
(0.45) 
CO 8-h avg 
(0.55) 
O3 1-h avg 
(0.45) 
SO2 24-h avg 
(0.56) 
 
Two-pollutant 
models to adjust 
for copollutants 

Results reported for % change in hospital 
admissions associated with one IQR increase in 
24 h NO2.   
 
All CVD 
2.32 (1.45, 3.19), lag 0 
Cardiac Disease 
2.00 (0.81, 3.20), lag 0 
IHD 
2.11 (0.34, 3.91), lag 0 
Stroke 
!1.66 (!3.80, 0.51) lag 0 
 
Effect of NO2 attenuated when CO was 
included in the model.  NO2 effect most 
prominent during the cool season. 
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TABLE AX6.4-2 (cont’d).  HUMAN HEALTH EFFECTS OF OXIDES OF NITROGEN:  CVD HOSPITAL ADMISSIONS 
AND VISITS:  AUSTRALIA AND NEW ZEALAND 

Reference, Study 
Location, & Period 

Outcomes, Design, & 
Methods 

Mean Levels & 
Monitoring Stations 

Copollutants 
(Correlations) 

Effects:  Relative Risk or Percent Change & 
Confidence Intervals ([95% Lower, Upper]) 

Morgan et al. (1998a) 
Sydney, Australia 
 
Study Period:   
Jan 1990-Dec 1994 

Outcome(s) (ICD9):  Heart 
Disease 410, 413, 427, 428.  
Inpatient statistics database 
for New South Wales Health 
Department. 
Study Design:  Time series 
Statistical Analysis:  Poisson 
regression, GEE 
# Hospitals:  27 
Covariates:  daily mean 
temperature, dew point 
temperature 
Lag(s):  0-2 days, cumulative 
Statistical Software:  SAS 
 

NO2 24-h avg (ppb): 
Mean (SD):  15 (6) 
IQR:  11 ppb 
10th-90th:  17 
 
NO2 1-h max (ppb): 
Mean (SD):  29 (3) 
10-90th:  29 ppb 
 
NO2 24-h max:  52 
NO2 1-h max:  139 
 
# Stations:  3-14 
(1990-1994) 

O3 1-h max (!0.086) 
PM (0.533, 0.506) 
 
Correlations for 24-h 
avg NO2 
concentrations 
 
Multipollutant 
models 

Results reported as percent increase in 
admissions associated with an incremental 
increase in 1-h max NO2 equivalent to the  
10th-90th percentile. 
 
Heart Disease:   
6.71 (4.25, 9.23), single pollutant, lag 0, 1-h max 
6.68 (3.61, 9.84), single pollutant, lag 0, 1-h max 
 
Results lost precision but did not change 
substantially when stratified by age or when 24-h 
averaging time was used. 
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TABLE AX6.4-2 (cont’d).  HUMAN HEALTH EFFECTS OF OXIDES OF NITROGEN:  CVD HOSPITAL ADMISSIONS 
AND VISITS:  AUSTRALIA AND NEW ZEALAND 

Reference, Study 
Location, & Period 

Outcomes, Design, & 
Methods 

Mean Levels & 
Monitoring Stations 

Copollutants 
(Correlations) 

Effects:  Relative Risk or Percent Change & 
Confidence Intervals ([95% Lower, Upper]) 

Petroeschevsky et al. 
(2001) 
Brisbane, Australia  
 
Study Period:   
Jan 1987-Dec 1994, 
2,922 days 

Outcome(s) (ICD9):  CVD 
390-459.  Hospital 
admissions, non-residents 
excluded. 
Study Design:  Time series 
Statistical Analyses:  Poisson 
regression, APHEA protocol, 
linear regression and GEEs 
Age groups analyzed:  15-64, 
65+ 
Covariates:  temperature, 
humidity, rainfall.  Long-term 
trends, season, flu, day of wk, 
holidays. 
Statistical Software:  SAS 
Lag(s):  lag 0-4, 3-day avg, 
5-day avg 
 

NO2 1-h max (pphm) 
Summer 
Mean:  206 
Min:  0.35 
Max:  5.8 
Fall 
Mean:  2.56 
Min:  0.70 
Max:  5.85 
Winter 
Mean:  3.54 
Min:  0.35 
Max:  8.05 
Spring 
Mean:  3.12 
Min:  0.55 
Max:  15.58 
Overall 
Mean:  2.82 
Min:  0.35 
Max:  15.58 

BSP 
O3 
SO2 
 
Correlation between 
pollutants not 
reported. 

Results reported for RR for CVD emergency 
admissions associated with a one-unit increase 
in NO2 1-h max. 
 
CVD 15-64 yrs 
0.986 (0.968, 1.005), lag 3 
 
CVD 65+ yrs 
0.990 (0.977, 1.003) 
 
CVD all ages 
0.987 (0.976, 0.998) 
 

* Default GAM 
 
AMI Acute Myocardial 
Infarction 
ARR Arrhythmia  
BC Black Carbon 
COH coefficient of haze 
CP Course Particulate 

CVD Cardiovascular Disease 
EC Elemental Carbon 
FP Fine Particulate 
HS Hemorrhagic Stroke 
ICD9 International Classification of 
Disease, 9th Revision 
IHD Ischemic Heart Disease 
IS ischemic stroke 

MI Myocardial Infarction 
OC Organic Carbon 
OHC Oxygenated Hydrocarbons 
PERI Peripheral Vascular and 
Cerebrovascular Disease 
PM Particulate Matter 
 

PIH primary intracerebral hemorrhage 
PNC Particle Number Concentration 
SHS Subarachnoid hemorrhagic stroke 
TP Total Particulate 
UBRE Unbiased Risk Estimator 
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TABLE AX6.4-3.  HUMAN HEALTH EFFECTS OF OXIDES OF NITROGEN:  CVD HOSPITAL ADMISSIONS AND 
VISITS:  EUROPE 

Reference, Study 
Location, & Period Outcomes, Design, & Methods 

Mean Levels & Monitoring 
Stations 

Copollutants 
(Correlations) 

Effects:  Relative Risk or Percent Change & 
Confidence Intervals ([95% Lower, Upper]) 

Ballester et al. (2006) 
Multi-city, Spain: 
Barcelona, Bilbao, 
Castellon, Gijon, 
Huelva, Madrid, 
Granada, Oviedo, 
Seville, Valencia, 
Zaragoza 
 
Period of Study:  
1995/1996-1999, 
N = 1,096 day 
 
 
 
 
 
 
 
 
 

Outcome(s) (ICD9):  All CVD 
390-459; Heart diseases  
410-414,427,428.  Emergency 
admission from hospital records.  
Discharge data used. 
Study Design: Time series, meta-
analysis to pool cities 
N:  daily mean admissions 
reported by city 
Statistical Analyses:  Poisson 
regression and GAM, with 
stringent convergence criteria, 
meta-analysis with fixed effect 
model.  Tested linearity by 
modeling pollutant in linear and 
non-linear way (spline 
smoothing).  Linear model 
provided best results 55% of time 
but used in all cases to facilitate 
comparability. 
Covariates:  temperature, humidity 
and influenza, day of wk unusual 
events, seasonal variation and 
trend of the series 
Seasons:  Hot:  May to October;  
Cold:  November to April 
Statistical Package:  SPLUS 
Lag:  0-3 

NO2 24-h avg  (µg/m2): 
Mean:  51.5 
10th percentile:  29.5 
90th percentile:  74.4  
 
# of Stations:  Depends on the 
city 
 
Correlation among stations:  NR 

CO 8-h max (0.58) 
O3 8-h max (!0.03) 
SO2 24 h (0.46) 
BS 24 h (0.48) 
TSP 24 h (0.48) 
PM10 24 h (0.40) 
 
Two-pollutant models 
used to adjust for 
copollutants 
 

Results reported for % change in hospital 
admissions associated with 10 µg/m2 increase in 
NO2  
 
All CVD 
0.38% (0.07%, 0.69%), lag 0-1 
Heart Diseases:  
0.86% (0.44%, 1.28%) 
 
Effect of NO2 was diminished in two-pollutant 
models. 
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TABLE AX6.4-3 (cont’d).  HUMAN HEALTH EFFECTS OF OXIDES OF NITROGEN:  CVD HOSPITAL ADMISSIONS 
AND VISITS:  EUROPE 

Reference, Study 
Location, & Period Outcomes, Design, & Methods 

Mean Levels & Monitoring 
Stations 

Copollutants 
(Correlations) 

Effects:  Relative Risk or Percent Change & 
Confidence Intervals ([95% Lower, Upper]) 

Lanki et al. (2006) 
Europe (Augsburg, 
Helsinki, Rome, 
Stockholm) 
 
Study period:   
1992-2000 

Outcome(s) (ICD9):  AMI 410.  
Ascertained from discharge 
records or AMI registry data 
depending on the city. 
Study Design:  Time series 
Statistical Analysis:  Poisson 
regression, for non-linear 
confounders – penalized splines 
in GAM chosen to minimize 
UBRE score. Random-effects 
model for pooled estimates. 
N:  26,854 hospitalizations 
Statistical Software:  R package 
Covariates:  barometric pressure, 
temperature, humidity.  
Lag(s):  0-3 day 
 

NO2 (µg/m3) 
 
Augsburg: 
25th:  40.2 
50th:  49.2 
75th:  58.9 
98th:  88.7 
Barcelona 
25th:  34.8 
50th:  45.0 
75th:  60.0 
98th:  86.0 
Helsinki 
25th:  21.8 
50th:  28.7 
75th:  37.6 
98th:  64.7 
Rome 
25th:  61.9 
50th:  70.6 
75th:  80.4 
98th:  102.5 
Stockholm 
25th:  16.3 
50th:  22.2 
75th:  28.6 
98th:  45.9 

PM10 (0.29, 0.64) 
CO (0.43, 0.75) 
O3 (0.17, 0.38) 
 
Range in correlations 
depends on the city 
 
Two-pollutant models 
for PNC with O3 and 
PM10 only. 

Results reported as RR associated with an 
incremental increase in NO2 equivalent to the 
IQR (8 µg/m2) 
 
Pooled results for 5 Cities: 
0.996 (0.998, 1.015), lag 0 
 
No significant results observed for analyses 
stratified by age or season for lag 0/1. 
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TABLE AX6.4-3 (cont’d).  HUMAN HEALTH EFFECTS OF OXIDES OF NITROGEN:  CVD HOSPITAL ADMISSIONS 
AND VISITS:  EUROPE 

Reference, Study 
Location, & Period Outcomes, Design, & Methods 

Mean Levels & 
Monitoring Stations 

Copollutants 
(Correlations) 

Effects:  Relative Risk or Percent Change 
& Confidence Intervals ([95% Lower, 

Upper]) 
Von Klot et al. (2005) 
Europe (Augsburg, 
Barcelona, Helsinki, 
Rome, Stockholm) 
 
Study Period:   
1992-2000 

Outcome(s) (ICD9):  Re-admission for AMI 
410; angina pectoris 411 and 413; Cardiac 
diseases including AMI angina pectoris, 
dysrhythmia (427), heart failure (428).  
Hospital admissions database used to identify 
cases. 
 
Population:  Incident cases of MI during 
1992-2000 among those $35 yrs old. 
N Augsburg:  1560 
N Barcelona:  1134 
N Helsinki:  4026 
N Rome:  7384 
N Stockholm:  7902 
Study Design:  Prospective Cohort 
Statistical Analyses:  Poisson regression, at 
risk period from the 29th day after the index 
event until the event of interest, death, 
migration or loss to follow-up.  GLM models, 
penalized spline functions for continuous 
confounders.  City results pooled using 
random-effects model.  Heterogeneity 
assessed.  Sensitivity analyses conducted 
varying the smooth functions, convergence 
criteria, and how confounders were specified. 
Statistical Software:  R package 
Covariates:  daily mean temperature, dew 
point temperature, barometric pressure, 
relative humidity, vacations or holidays. 
Lag:  0-3 days 
 

NO2 24-h avg (µg/m2): 
Augsburg 
Mean:  49.6 
5th:  30  
25th:  39.7 
75th:  57.2  
95th:  75.3 
 
Barcelona 
Mean:  47.7 
5th:  18 
25th:  34.0 
75th:  60  
95th:  83 
Helsinki 
Mean:  30.1 
5th:  13 
25th:  21.2 
75th:  36.7  
95th:  52.9 
Rome 
Mean:  15.8 
5th:  5.4 
25th:  10.1 
75th:  21.7  
95th:  25.9 
Stockholm 
Mean:  22.8 
5th:  10.3 
25th:  16 
75th:  28  
95th:  39.4 
 
# Stations:  1-5 

CO 24 h (0.44, 0.75) 
O3 8 h (!0.2, !0.13) 
PM10 (.29, .66) 
PNC (.44, .83) 
 
Two-pollutant models 
but NO2, CO, and PNC 
not modeled together 
because they were too 
highly correlated.  

Results reported for RR for incremental 
increases in same day NO2 equivalent to the 
mean of the city specific IQR’s multiplied by 
0.05 (8 µg/m2).  Pooled results are below: 
 
MI 
1.028 (0.997, 1.060) 
Angina Pectoris 
1.032 (1.006, 1.058) 
Cardiac Diseases 
1.032 (1.014, 1.051) 
 
Two-pollutant models show that the effect of 
NO2 independent of PM10 and O3.  Traffic 
exhaust may be associated with cardiac 
readmission. 
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TABLE AX6.4-3 (cont’d).  HUMAN HEALTH EFFECTS OF OXIDES OF NITROGEN:  CVD HOSPITAL ADMISSIONS 
AND VISITS:  EUROPE 

Reference, Study 
Location, & Period Outcomes, Design, & Methods 

Mean Levels & 
Monitoring Stations 

Copollutants 
(Correlations) 

Effects:  Relative Risk or Percent Change & 
Confidence Intervals ([95% Lower, Upper]) 

Atkinson et al. (1999a) 
London, England 
 
Period of Study: 1992-
1994, 
N = 1,096 day 

Outcome(s) (ICD9):  All CVD 390-
459; IHD 410-414. Emergency 
admissions obtained from the 
Hospital Episode Statistics (HES) 
database. 
Ages groups analyzed:  0-14 yr, 15-64 
yr, 0-64 yr, 65+ yr, 65-74 yr, 75+ yr 
Study Design:  Time series, hospital 
admission counts 
N:  189,109 CVD admissions 
Catchment area:  7 million residing in 
1600 Km2 area of Thames basin. 
Statistical Analyses:  APHEA 
protocol, Poisson regression  
Covariates:  adjusted long-term 
seasonal patterns, day of wk, 
influenza, temperature, humidity 
(compared alternative methods for 
modeling  meteorological including 
linear, quadradic, piece-wise, spline) 
Seasons:  warm season April-
September, cool season remaining 
mos, interactions between season 
investigated 
Dose response investigated:  yes, 
bubble charts presented 
Statistical Package:  SAS 
Lag:  0-3 

1-h max (ppb)   
Mean:  50.3 
SD:  17.0 
Min:  22.0 
Max:  224.3 
10th-90th percentile:  36 
 
# of Stations:  3, results 
averaged across stations 
 
Correlation among 
stations:  0.7-0.96 
 

PM10 24 h 
CO 24 h  
SO2 24 h 
O3 8 h 
BS 24 h 
 
Correlations of NO2 with 
CO, SO2, O3, BS ranged 
from 0.6-0.7 
Correlation of NO2 with 
O3 negative 
 
Two-pollutant models 
used adjust for 
copollutants 

Results reported for % change in hospital 
admissions associated with 10th-90th percentile 
increase in NO2 (36 ppb) 
 
All CVD 
Ages 0-64:  1.20% (!0.62%, 3.05%), lag 0 
Ages 65+:  1.68% (0.32%, 3.06%), lag 0 
 
IHD 
Ages 0-64:  1.53% (!1.22%, 4.37%), lag 0 
Ages 65+:  3.03% (0.87%, 5.24), lag 0 
 
NO2 was associated with increased CVD 
admissions for all ages but this association was 
stronger among those 65+ yrs old.  Similar 
increase associated with IHD among those 65+ yrs 
old. 
 
Monitors close to roadways were not used in the 
study.  Correlations for NO2 between urban 
monitoring sites were high.  Authors suggest that 
the pollution levels are uniform across the study 
area.  Authors did not investigate the interaction 
between meteorological variables and air 
pollution.  In two pollutant models, O3 had little 
impact on NO2.  BS moderated the association of 
NO2 with CVD among the 65+ age group.  
Suggestion that NO2 associations were non-linear. 
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TABLE AX6.4-3 (cont’d).  HUMAN HEALTH EFFECTS OF OXIDES OF NITROGEN:  CVD HOSPITAL ADMISSIONS 
AND VISITS:  EUROPE 

Reference, Study 
Location, & Period Outcomes, Design, & Methods 

Mean Levels & 
Monitoring Stations 

Copollutants 
(Correlations) 

Effects:  Relative Risk or Percent Change 
& Confidence Intervals ([95% Lower, 

Upper]) 
Ballester et al. (2001) * 
Valencia, Spain 
 
Period of Study:  
1992-1996 
 
 
 
 
 
 
 

Outcome(s) (ICD9):  All CVD 
390-459; heart diseases 390-459; 
cerebrovascular diseases 430-438.  
Admissions from city registry – 
discharge codes used. 
Study Design:  Time series 
N:  1080 CVD admissions 
# of Hospitals:  2 
Catchment area:  376,681 
inhabitants of Urban Valencia 
Statistical Analyses:  Poisson 
regression, GAM, APHEA/ 
Spanish EMECAM protocol.  
Both Linear and non parametric 
model, including a loess term was 
fitted, departure from linearity 
assess by comparing deviance of 
both models. 
Covariates:  long-term trend and 
seasonality, temperature and 
humidity, wk days, flu, special 
events, air pollution.  
Seasons:  Hot season May to Oct.;  
Cold season Nov to April 
 
Statistical Package:  SAS 
Lag:  0-4 

1-h max  (µg/m2) 
Mean:  116.1 
SD:  NR 
Min:  21.1 
Max:  469.0 
median:  113.2  
 
# of Stations:  14 
manual, 5 automatic 
 
Correlation among 
stations:  0.3-0.62 for 
BS, 0.46-0.78 for 
gaseous pollutants 

CO 24 h (0.03) 
SO2 24 h (0.33) 
O3 8 h (!0.26) 
BS (0.33) 
 
 
Two-pollutant models 
used to adjust for 
copollutants 

Results reported for RR corresponding to a 
10 µg/m2 increase in NO2  
 
All CVD 
1.0302 (1.0042, 1.0568), lag 0 
Heart Disease 
1.0085 (0.9984, 1.0188), lag 2 
Cerebrovascular Disease 
1.0362 (1.0066, 1.0667), lag 4 
 
Clear association of NO2 with 
cerebrovascular disease observed.  
Association persisted after Inclusion of BS 
and SO2 in two-pollutant models with NO2. 
 
Cases of digestive disorders served as a 
control group - null association with NO2 
observed. 
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TABLE AX6.4-3 (cont’d).  HUMAN HEALTH EFFECTS OF OXIDES OF NITROGEN:  CVD HOSPITAL ADMISSIONS 
AND VISITS:  EUROPE 

Reference, Study 
Location, & Period Outcomes, Design, & Methods 

Mean Levels & 
Monitoring Stations 

Copollutants 
(Correlations) 

Effects:  Relative Risk or Percent Change 
& Confidence Intervals ([95% Lower, 

Upper]) 
D’Ippoliti et al. 
(2003) 
Rome, Italy 
 
Study Period:  Jan 
1995- June 1997 

Outcome(s) (ICD):  AMI 410 (first 
episode).  Computerized hospital 
admission data. 
Study Design:  Case crossover, time 
stratified, control days within same 
mo falling on the same day.  
Statistical Analyses:  Conditional 
logistic regression, examined 
homogeneity across co-morbidity 
categories 
N:  6531 cases 
Age groups analyzed:  18-64 yrs, 
65-74 yrs, $75 
Season:  Cool:  October-March; 
Warm:  April-September. 
Lag(s):  0-4 day, 0-2 day cum avg  
Dose Response:  OR for increasing 
quartiles presented and p-value for 
trend. 
 

NO2 24 h (µg/m3) 
Mean (SD):  86.4 (15.8) 
25th:  74.9 
50th:  86.0 
75th:  96.9 
IQR:  22 
 
# Stations:  5 

TSP 24 h (0.37) 
SO2 24 h (0.31) 
CO 24 h (0.03) 
 
No multipollutant 
models 

Results presented for OR associated with 
incremental increase in NO2 equivalent to 
one IQR. 
 
AMI 
1.026 (1.002, 1.052), lag 0 
1.026 (0.997, 1.057), lag 0-2 
 
Association observed for NO2 but TSP 
association more consistent.  Authors think 
that TSP, CO, and NO2 cannot be 
distinguished from traffic-related pollution 
in general. 

Llorca et al. (2005) 
Torrelavega, Spain 
 
Study period: 
1992-1995 
 

Outcome(s) (ICD):  CVD (called 
cardiac in paper) 390-459.  
Emergency admissions, excluding 
non residents.  Obtained admissions 
records from hospital admin office.   
Study design:  Time series 
Statistical analyses:  Poisson 
regression, APHEA protocol 
Covariates:  rainfall, temperature, 
wind speed direction 
N:  18,137 admissions 
Statistical software:  STATA 
Lag(s):  not reported 

NO2 24 h µg/m3: 
Mean (SD):  21.3 (16.5) 
 
 

TSP (!0.12) 
SO2 (0.588) 
SH2 (0.545) 
NO (0.855) 
 
Multipollutant 
models 
 

Results reported for RR of hospital 
admissions for 100 µg/m3 increase in NO2. 
 
Cardiac admissions: 
1.27 (1.14, 1.42), 1-pollutant model 
1.10 (0.92, 1.32), 5-pollutant model 
 
Effect of NO2 diminished in multipollutant 
model. 
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TABLE AX6.4-3 (cont’d).  HUMAN HEALTH EFFECTS OF OXIDES OF NITROGEN:  CVD HOSPITAL ADMISSIONS 
AND VISITS:  EUROPE 

Reference, Study Location, 
& Period Outcomes, Design, & Methods 

Mean Levels & 
Monitoring Stations 

Copollutants 
(Correlations) 

Effects:  Relative Risk or Percent Change & 
Confidence Intervals ([95% Lower,  

Upper]) 
Pantazopoulou et al. 
(1995) 
Athens, Greece 
 
Study Period: 1988 
(Winter and Summer) 

Outcome(s):  Cardiac Disease ICD 
codes not provided.  Cases ascertained 
from National Center for Emergency 
Service database.  Cases diagnosed at 
time of admission so they are ED visits 
and were not necessarily admitted to the 
hospital. 
Study design:  Time series 
Statistical Analyses:  Linear regression 
(not well described) 
Covariates:  Dummy variables for 
winter mos with January as referent.  
Dummy variables for summer mos with 
April as referent.  Day of the wk, 
holidays, temperature, relative humidity, 
N:  25,027 cardiac admissions. 
Lag(s):  NR 

NO2 1-h max (µg/m3): 
Winter 
Mean (SD):  94 (25) 
5th:  59 
50th:  93 
95th:  135 
 
Summer 
Mean (SD):  111 (32) 
5th:  65 
50th:  108 
95th:  173 
 
# Stations:  2 

CO, BS 
No correlations 
provided 

Results reported for regression coefficients 
based on an incremental increase in NO2 of 
76 µg/m3 in winter and 108 µg/m3 in 
summer (5th to 95th percentile). 
 
Winter (regression coefficient) 
11.2 (3.3, 19.2) 
 
Summer (regression coefficient) 
!0.06 (!6.6, 6.5) 
 
 

Poloniecki et al. (1997) 
London, UK 
 
Study Period:  
April 1987-March 1994, 
7 yrs 
 

Outcome(s):  All CVD 390-459; MI 
410; Angina pectoris 413; other IHD 
414; ARR 427; congestive heart failure 
428; cerebrovascular disease 430-438.  
Hospital Episode Statistics (HES) data 
on emergency hospital admissions. 
Study Design:  Time series 
N:  373, 556 CVD admissions 
Statistical Analyses:  Poisson regression 
with GAM, APHEA protocol 
Covariates:  long term trends, seasonal 
variation, day of wk, influenza, 
temperature and humidity. 
Season:  Warm, April-September; Cool, 
October-March. 
Lag:  0-1 day 

NO2 24 h ppb:  
Min:  8 
10%:  23 
Median:  35 
90%:  53 
Max: 198 

Black Smoke 
CO 24 h 
SO2 24 h 
O3 8 h 
 
Correlations 
between 
pollutants high 
but not 
specified. 

Results expressed as a relative rate (RR) 
for an incremental increase of NO2 
equivalent to 30 ppb (10th-90th percentile) 
 
AMI:  1.0274 (1.0084, 1.0479) 
Angina Pectoris:  1.0212 (0.9950, 1.0457) 
Other IHD:  0.99 (0.0067, 1.0289) 
Cardiac ARR:  1.0274 (1.0006, 1.0984) 
Heart Failure:  0.9970 (0.9769, 1.0194) 
Cerebrovascular Disease:  0.9851 (0.9684, 
1.0045) 
Other Circulatory:  1.0182 (1.0000, 
1.0398) 
All CVD:  1.0243 (1.0054, 1.0448) 
No attenuation of NO2 association with MI 
in two-pollutant model (cool season). 
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TABLE AX6.4-3 (cont’d).  HUMAN HEALTH EFFECTS OF OXIDES OF NITROGEN:  CVD HOSPITAL ADMISSIONS 
AND VISITS:  EUROPE 

Reference, Study 
Location, & Period Outcomes, Design, & Methods 

Mean Levels & 
Monitoring Stations 

Copollutants 
(Correlations) 

Effects:  Relative Risk or Percent Change 
& Confidence Intervals ([95% Lower, 

Upper]) 
Pönkä and Virtanen 
(1996) 
Helsinki, Finland 
 
Study Period:  
1987-1989, 3 yrs 

Outcome(s) (ICD9):  IHD 410-414; MI 
410; TIA 411; Cerebrovascular diseases 
430-438; Cerebral ischemia due to 
occlusion of extracerebral vessels 433; 
Cerebral ischemia due to occlusion of 
cerebral vessels 434; Transient ischemic 
cerebral attack 435.  Case ascertainment 
was for both emergency admission and 
hospital admissions – done via registry 
system.  
Study Design:  Time series 
Statistical Analyses:  Poisson 
regression, pollutant concentrations log 
transformed 
N:  12,664 all IHD admissions; 7005 
IHD ED admissions; 7232 
cerebrovascular hospital admissions; 
3737 cerebrovascular ED admissions. 
Covariates:  weather, day of wk, long-
term trends, influenza 
Lag(s):  1-7 days 
 

NO2 8 h (µg/m3) 
Mean (SD):  39 (16.2) 
Range:  4, 170 
 
NO 8 h µg/m3 
Mean (SD):  91 (61) 
Range:  7, 467 
 
# Stations:  2 

SO2 8 h 
NO 8 h 
TSP 8 h 
O3 8 h 
 
NO2 highly 
correlated with 
SO2 and TSP 

Results reported are regression coefficients 
and standard errors (SE). 
 
NO2 with ED admissions for transient short 
term ischemic attack 
!0.056 (0.105), p = 0.59, lag 1 
NO2 with ED admissions for 
cerebrovascular disease 
!0.025 (0.057), p = 0.657, lag 1 
NO with IHD, all admissions 
0.097 0.023, p < 0.001, lag 1 
NO with IHD, ED admissions 
0.111 (0.030), p < 0.001, lag 1 
 
Significant increase in admissions for 
transient short-term ischemic attack and 
cerebrovascular diseases for lag 6 
associated with NO2 exposure.  

Prescott et al. (1998) * 
Edinburgh, UK 
 
Study period: Oct 
1992-June 1995 
 

 

Outcome(s) (ICD9):  Cardiac and 
cerebral ischemia 410-414, 426-429, 
434-440.  Extracted from Scottish 
record linkage system. 
Study Design:  Time series 
Statistical Analysis:  Poisson, log linear 
regression models 
Age groups analyzed:  <65, 65+yrs 
Covariates:  seasonal and wkday 
variation, temperature, and wind speed. 
Lag(s):  0, 1, 3 day moving avg 

NO2 24 h (ppb) 
Mean (SD):  26.4 (7.0) 
Range:  9, 58 
IQR:  10 ppb 

O3, 24 h 
PM, 24 h 
SO2, 24 h 
CO, 24 h 
 
Correlations not 
reported. 

Results reported for percent change in 
admissions based on an incremental 
increase in NO2 equivalent to the IQR of 
10 ppb. 
 
<65 yrs, CVD admissions 
!0.05 (!5.2, 4.5), 3 day moving avg 
65+ yrs, CVD admissions 
!0.9 (!8.2, 7.0), 3 day moving avg 
 
Data for lag 1 not presented 
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TABLE AX6.4-3 (cont’d).  HUMAN HEALTH EFFECTS OF OXIDES OF NITROGEN:  CVD HOSPITAL ADMISSIONS 
AND VISITS:  EUROPE 

Reference, Study 
Location, & Period Outcomes, Design, & Methods 

Mean Levels & 
Monitoring Stations 

Copollutants 
(Correlations) 

Effects:  Relative Risk or Percent Change 
& Confidence Intervals ([95% Lower, 

Upper]) 
Yallop et al. (2007) 
 
London, England 
Study Period:  
Jan. 1988-Oct. 2001, 
>1400 days 

Outcome(s):  Acute pain in Sickle 
Cell Disease (HbSS, HbSC, 
HbS/$0, thalassaemia, HbS/$+).  
Admitted to hospital for at least one 
night. 
Study Design:  Time series 
Statistical Analyses:  Cross-
correlation function 
N:  1047 admissions  
Covariates:  no adjustment made in 
analysis, discussion includes 
statement that the effects of weather 
variables and copollutants are inter-
related. 
Statistical Package:  SPSS 
Lag(s):  0-2 days 
Dose response:  quartile analysis, 
graphs presented, ANOVA 
comparing means across quartiles. 
 

 NR O3, CO, NO, NO2, 
PM10:  
daily avg used for all 
copollutants 
 
High O3 levels 
correlate with low 
NO, low CO, 
increased wind 
speeds and low 
humidity and each 
was associated with 
admission for pain.  
Not possible to 
distinguish 
associations in 
analysis. 

Results reported are cross-correlation 
coefficients.  NO inversely correlated with 
admission for acute pain in SCD. 
CFF:  !0.063, lag 0  

* Default GAM 
 
AMI Acute Myocardial 
Infarction 
ARR Arrhythmia  
BC Black Carbon 
COH coefficient of haze 
CP Course Particulate 

CVD Cardiovascular Disease 
EC Elemental Carbon 
FP Fine Particulate 
HS Hemorrhagic Stroke 
ICD9 International Classification of Disease, 
9th Revision 
IHD Ischemic Heart Disease 
IS ischemic stroke 

MI Myocardial Infarction 
OC Organic Carbon 
OHC Oxygenated Hydrocarbons 
PERI Peripheral Vascular and Cerebrovascular Disease 
PM Particulate Matter 

PIH primary intracerebral hemorrhage 
PNC Particle Number Concentration 
SHS Subarachnoid hemorrhagic stroke 
TP Total Particulate 
UBRE Unbiased Risk Estimator 
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TABLE AX6.4-4.  HUMAN HEALTH EFFECTS OF OXIDES OF NITROGEN:  CVD HOSPITAL ADMISSIONS  
AND VISITS:  ASIA 

Reference, Study 
Location, & Period 

Outcomes, Design, & 
Methods 

Mean Levels & 
Monitoring Stations 

Copollutants 
(Correlations) 

Effects:  Relative Risk or Percent Change & 
Confidence Intervals ([95% Lower, Upper]) 

Chan et al. (2006) * 
Taipai, Taiwan 
 
Period of Study:   
April 1997-Dec 2002, 
2090 days 

Outcome(s) (ICD9):  
Cerebrovascular disease  
430-437; stroke 430-434; 
hemorrhagic stroke 430-432; 
ischemic stroke 433-434.  
Emergency admission data 
collected from National 
Taiwan University Hospital. 
Ages groups analyzed:  
age >50 included in study 
Study Design:  Time series 
N:  7341 Cerebrovascular 
admissions among those 
>50 yrs old 
# of Hospitals:   
Catchment area:   
Statistical Analyses:  Poisson 
regression, GAMs used to 
adjust for non-linear relation 
between confounders and ER 
admissions. 
Covariates:  time trend 
variables:  yr, mo, and day of 
wk, daily temperature 
difference, and dew point 
temperature.  
Linearity:  Investigated 
graphically by using the 
LOESS smoother. 
Statistical Package:  NR 
Lag:  0-3, cumulative lag up to 
3 days 

NO2 24-h avg  (ppb):  
Mean:  29.9 
SD:  8.4 
Min:  8.3 
Max:  77.1 
IQR:  9.6 ppb 
 
# of Stations:  16 
 
Correlation among 
stations:  NR 

PM10 24 h, r = 0.50 
PM2.5 24 h, r = 0.64 
CO 8-h avg, r = 0.77 
SO2 24 h, r = 0.64 
O3 1-h max, r = 0.43 
 
Two-pollutant models 
to adjust for 
copollutants 
 

Results reported for OR for association of  
emergency department admissions with an IQR 
increase in NO2 (9.3 ppb) 
 
Cerebrovascular: 
1.032 (0.991, 1.074), lag 0 
Stroke:   
0.994 (0.914, 1.074), lag 0 
Ischemic stroke:   
1.025 (0.956, 1.094), lag 0 
Hemorrhagic stroke:   
0.963 (0.884, 1.042), lag 0 
 
No significant associations for NO2 reported.  Lag 
0 shown but similar null results were obtained for 
lags 1-3.  NO2 highly correlated with PM and CO.
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TABLE AX6.4-4 (cont’d).  HUMAN HEALTH EFFECTS OF OXIDES OF NITROGEN:  CVD HOSPITAL ADMISSIONS 
AND VISITS:  ASIA 

Reference, Study 
Location, & Period 

Outcomes, Design, & 
Methods 

Mean Levels & 
Monitoring Stations 

Copollutants 
(Correlations) 

Effects:  Relative Risk or Percent Change & 
Confidence Intervals ([95% Lower, Upper]) 

Chang et al. (2005) 
Taipei, Taiwan 
 
Study Period:   
1997-2001, 5 yrs 

Outcome(s) (ICD9):  CVD 
410-429. 
Daily clinic visits or hospital 
admission from computerized 
records of National Health 
Insurance.  Discharge data. 
Source Population:  
2.64 Million 
N:  40.8 admissions/day, 
74,509/5 yrs 
# Hospitals:  41 
Study Design:  case crossover, 
referent day 1 wk before or 
after index day 
Statistical Analyses:  
conditional logistic regression.  
Covariates:  same day 
temperature and humidity. 
Season:  warm/cool (stratified 
by temperature cutpoint of 
20 ºC) 
Lag(s):  0-2 days 

NO2 24-h avg (ppb): 
Mean:  31.54 
Min:  8.13 
25th:  26.27 
50th:  31.03 
75th:  36.22 
Max:  77.97 
 
# of Stations:  6 

CO 24-h avg 
O3 24-h avg 
SO2 24-h avg 
PM10 24-h avg 
 
Correlations not 
reported. 
 
Two-pollutant models 
to adjust for 
copollutants 

OR for the association of CVD admissions with 
an incremental increase in NO2 equivalent to 
one IQR. 
 
Warm ($20 ºC) 
1.177 (1.150, 1.205) 
Cool (<20 ºC) 
1.112 (1.058, 1.168) 
 
NO2 effect remained in all warm season two-
pollutant models.  Effect remained in cool 
season two-pollutant models with the exception 
of the model that included PM10. 

A
ugust 2007 

A
X

6-100 
D

R
A

FT-D
O

 N
O

T Q
U

O
TE O

R
 C

ITE

 
 
 
 
 
 
 
 
 
 

 



 

TABLE AX6.4-4 (cont’d).  HUMAN HEALTH EFFECTS OF OXIDES OF NITROGEN:  CVD HOSPITAL ADMISSIONS 
AND VISITS:  ASIA 

Reference, Study 
Location, & Period Outcomes, Design, & Methods 

Mean Levels & 
Monitoring Stations 

Copollutants 
(Correlations) 

Effects:  Relative Risk or Percent Change & 
Confidence Intervals ([95% Lower, Upper]) 

Lee et al. (2003a) 
Seoul, Korea 
 
Study period:   
Dec 1997-Dec 1999, 
822 days, 184 days in 
summer 

Outcome(s) (ICD10):  IHD: 
Angina pectoris 120; Acute or 
subsequent MI 121-123; other 
acute IHD 124.  Electronic 
medical insurance data used.  
Study Design:  Time series 
Statistical Methods:  Poisson 
regression, GAM with strict 
convergence criteria. 
Age groups analyzed:  all ages, 
64+  
Covariates:  long-term trends 
LOESS smooth, temperature, 
humidity, day of wk. 
Season:  Presented results for 
summer (June, July, August) 
and entire period. 
Lag(s):  0-6 

NO2 24 h (ppb): 
5th:  16 
10th:  23.7 
Median:  30.7 
75th:  38.3 
95th:  48.6 
Mean (SD):  31.5 (10.3) 
IQR:  14.6 

PM10, r = 0.73, 0.74 
SO2, r = 0.72, 0.79 
O3, r = !0.07, 0.63 
CO, r = 0.67, 0.79 
 
Range depends on 
summer vs. entire 
period. 
 
Two-pollutant 
models 

Results reported for RR of IHD hospital 
admission for an incremental increase in NO2 
equivalent to one IQR. 
 
64+, entire study period: 
1.08 (1.03, 1.14), lag 5 
64+, summer only: 
1.25 (1.11, 1.41), lag 5 
 
Results for lag 5 presented above.  Lag 0 or 1 
results largely null – presented graphically.  
Confounding by PM10 was not observed in 
these data using two-pollutant models. 
 

Tsai et al. (2003a) 
Kaohsiung, Taiwan 
 
Study period:  
1997-2000 

Outcome(s) (ICD9):  All 
cerebrovascular 430-438; SHS 
430; PIH 431-432; IS 433-435; 
Other 436-438.  Ascertained 
from National Health Insurance 
Program computerized 
admissions records. 
Study Design:  Case crossover 
Statistical Analysis:  
Conditional logistic regression. 
Statistical Software:  SAS 
Seasons:  $20 ºC; <20 ºC.  
N:  23,179 stroke admissions 
# Hospitals:  63  
Lag(s):  0-2, cumulative lag up 
to 2 previous days 

NO2 (ppb) 
Min:  6.25 
25th:  19.25 
Median:  28.67 
75th:  36.33 
Max:  63.40 
Mean:  28.17 

PM10 
SO2 
CO  
O3 
 

Results reported as OR for the association of 
admissions with an incremental increase of 
NO2 equivalent to the IQR of 17.1 ppb 
 
PIH admissions 
Warm:  1.56 (1.32, 1.84), lag 0-2 
Cool:  0.81 (0.0, 1.31), lag 0-2 
 
IS admissions:   
Warm:  1.55 (1.40, 1.71), lag 0-2 
Cool:  1.16 (0.81, 1.68), lag 0-2 
 
Effects persisted after adjustment for PM10, 
SO2, CO, and O3. 
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TABLE AX6.4-4 (cont’d).  HUMAN HEALTH EFFECTS OF OXIDES OF NITROGEN:  CVD HOSPITAL ADMISSIONS 
AND VISITS:  ASIA 

Reference, Study 
Location, & Period 

Outcomes, Design, & 
Methods 

Mean Levels & 
Monitoring Stations 

Copollutants 
(Correlations) 

Effects:  Relative Risk or Percent Change 
& Confidence Intervals ([95% Lower, 

Upper]) 
Wong et al. (1999) 
Hong Kong, China 
 
Study Period:   
1994-1995 

Outcome(s) (ICD9):  CVD: 
410-417, 420-438, 440-444; 
CHF 428; IHD 410-414; 
Cerebrovascular Disease 430-
438.  Hospital admissions 
through ER departments via 
Hospital Authority (discharge 
data).  
Study Design:  Time series 
Statistical Analyses:  Poisson 
regression, APHEA protocol 
# Hospitals:  12 
Covariates:  daily 
temperature, relative 
humidity day of wk, holidays, 
influenza, long-term trends 
(yr and seasonality variables).  
Interaction of pollutants with 
cold season examined. 
Season:  Cold (Dec-March) 
Lag(s):  0-3 days 

NO2 24-h avg (µg/m3) 
Mean:  51.39 
 

PM10, r = 0.79 
SO2 
O3 
 
Range for other 
pollutants:  r = 0.68, 0.89. 
 
Two-pollutant models 

Results reported for RR associated with 
incremental increase in NO2 equal to 
10 µg/m3. 
 
CVD 
65+ yrs:  1.016 (1.009, 1.023) 
All ages:  1.013 (1.007, 1.020) 
 
CHF 
1.044 (1.25, 1.063) 
IHD  
1.010 (0.999, 1.020) 
Cerebrovascular Disease 
1.008 (0.998, 1.018) 
 
Interaction of NO2 with O3 observed 
 

A
ugust 2007 

A
X

6-102 
D

R
A

FT-D
O

 N
O

T Q
U

O
TE O

R
 C

ITE

 
 
 
 
 
 
 
 
 
 

 



 

TABLE AX6.4-4 (cont’d).  HUMAN HEALTH EFFECTS OF OXIDES OF NITROGEN:  CVD HOSPITAL ADMISSIONS 
AND VISITS:  ASIA 

Reference, Study 
Location, & Period 

Outcomes, Design, & 
Methods 

Mean Levels & 
Monitoring Stations 

Copollutants 
(Correlations) 

Effects:  Relative Risk or Percent Change & 
Confidence Intervals ([95% Lower, Upper]) 

Yang et al. 2004a 
Kaohsiung, Taiwan 
 
Period of Study:   
1997-2000 

Outcome(s) (ICD9):  All 
CVD:  410-429 * (All CVD 
typically defined to include 
ICD9 codes 390-459) 
N:  29,661 
Study Design:  Case 
crossover 
Statistical Analysis:  Poisson 
time-series regression 
models, APHEA protocol 
# of Hospitals:  63 
Seasons:  authors indicate not 
considered because the 
Taiwanese climate is tropical 
with no apparent seasonal 
cycle 
Covariates:  stratified by 
warm ($25º) and cold (<25º) 
days, temperature and 
humidity measurements 
included in the model   
Statistical Package:  SAS 
Lag:  0-2 days 
 

Min:  6.25 ppb 
25%:  19.25 ppb 
50%:  28.67 ppb 
75%:  36.33 ppb 
Max:  63.40 ppb 
Mean:  28.17 ppb 
 
# of Stations:  6 
Correlation among 
stations:  NR 

PM10  
CO   
SO2  
O3 8  
 
Two-pollutant models 
used to adjust for 
copollutants  
 
Correlations NR 
 
 

OR’s for the association of one IQR 
(17.08 ppb) increase in NO2 with daily counts 
of CVD hospital admissions are reported 
 
All CVD (ICD9: 410-429), one-pollutant 
model  
$25º:  1.380 (1.246, 1.508) 
<25º:  2.215 (2.014, 2.437) 
 
All CVD (ICD9: 410-429), two-pollutant 
models  
Adjusted for PM10: 
$25º:  1.380 (1.246, 1.508) 
<25º:  2.215 (2.014, 2.437) 
Adjusted for SO2: 
$25º:  1.149 (1.017, 1.299) 
<25º:  2.362 (2.081, 2.682) 
Adjusted for CO 
$25º:  1.039 (0.919, 1.176) 
<25º:  2.472 (2.138, 2.858) 
Adjusted for O3 
$25º:  1.159 (1.051, 1.277) 
<25º:  2.243 (2.037, 2.471) 
Association of CVD admissions with NO2 
attenuated on warm days after adjustment for 
copollutants.  Association persisted on cool 
days.  Kaohsiung is the center of Taiwan’s 
heavy industry. 
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TABLE AX6.4-4 (cont’d).  HUMAN HEALTH EFFECTS OF OXIDES OF NITROGEN:  CVD HOSPITAL ADMISSIONS 
AND VISITS:  ASIA 

Reference, Study 
Location, & Period Outcomes, Design, & Methods 

Mean Levels & 
Monitoring Stations 

Copollutants 
(Correlations) 

Effects:  Relative Risk or Percent Change & 
Confidence Intervals ([95% Lower, Upper]) 

Ye et al. (2001) 
Tokyo, Japan 
 
Study Period:   
July-August,  
1980-1995 

Outcome(s):  Angina 413; 
Cardiac insufficiency 428; 
Hypertension 401-405; MI 410.  
Diagnosis made by attending 
physician for hospital 
emergency transports.   
Age groups analyzed:  65+ yrs 
male and female 
Statistical analysis:  GLM 
Covariates:  maximum 
temperature, confounding by 
season minimal since only 2 
summer mos included in 
analysis 
Statistical Software:  SAS 
Lag(s):  1-4 days 

NO2 24-h avg (ppb) 
Minimum:  5.3 
Maximum:  72.2 
Mean (SD):  25.4 (11.4) 

O3, r = 0.183 
PM10, r = 0.643 
SO2, r = 0.333 
CO, r = 0.759 

Results reported for model coefficient and 
95% CI. 
 
Angina:   
0.007 (0.004, 0.009) 
Cardiac insufficiency:   
0.006 (0.003, 0.01) 
MI:   
0.006 (0.003, 0.01) 
 

* Default GAM 
 
AMI Acute Myocardial 
Infarction 
ARR Arrhythmia  
BC Black Carbon 
COH coefficient of haze 
CP Course Particulate 

CVD Cardiovascular Disease 
EC Elemental Carbon 
FP Fine Particulate 
HS Hemorrhagic Stroke 
ICD9 International Classification of 
Disease, 9th Revision 
IHD Ischemic Heart Disease 
IS ischemic stroke 

MI Myocardial Infarction 
OC Organic Carbon 
OHC Oxygenated 
Hydrocarbons 
PERI Peripheral Vascular and 
Cerebrovascular Disease 
PM Particulate Matter 
 

PIH primary intracerebral 
hemorrhage 
PNC Particle Number 
Concentration 
SHS Subarachnoid hemorrhagic 
stroke 
TP Total Particulate 
UBRE Unbiased Risk Estimator 
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TABLE AX6.5-1.  STUDIES EXAMINING EXPOSURE TO AMBIENT NO2 AND HEART RATE VARIABILITY AS 
MEASURED BY STANDARD DEVIATION OF NORMAL-TO-NORMAL INTERVALS (SDNN) 

   NO2 Conc (ppb)  Copollutant Correlation 

Author, Year 
% Change 
(95% CI) Location Subjects 

Analysis 
Method 

Avg 
Time Mean (sd) Range  PM O3 SO2 CO 

Liao et al. (2004)  
US, ARIC 
study 4,390 adults 

multivariable 
linear regression 24 h 21 (8)       

lag 1 !5.0% (!9.2, !.7)            

Chan et al. (2005)  Taiwan 

83 adults 
recruited from 
cardiology 

linear mixed 
effects regression 1 h 33 (15) 1, 110  PM10 0.4 !0.4 0.5 0.7 

4-h lag !4.5% (!8.1, !.30)            

8-h lag !6.9% (!12.0, !1.8)            

Wheeler et al. (2006)  Atlanta 

30 adults (12 
MI + 22 
COPD) 

linear mixed 
models 4 h 

18 (no sd 
given) 

p10-p20, 
7, 30  PM2.5 0.4   0.5 

MI patients [N = 12]             

4 h lag !26.0% (!42.1, !8.6)            
COPD patients  
[N = 22]             

4 h lag 16.6% (0.2, 34.3)            
Luttmann-Gibson 
et al. (2006)  Steubenville 

32 adults 
(>50yrs) mixed models 24 h 

10 (no sd 
given) 

p25-p75, 
6, 13  PM2.5 0.4 !0.3 0.3  

lag 1 0.3% (!6.0, 6.6)            

Schwartz et al. (2005)  Boston 
28 elderly 
adults 

hierarchical 
models 24 h med 18 p25-p75, 14, 23  PM2.5 0.3 0.02  0.6 

lag 1 !1.6% (!7.8, 5.1)                       

All results given for 20 ppb increase in NO2 with 24-h averaging time, or 30 ppb for 1-h averaging time.  (20 ppb increases also used for averaging times between 1 and 24 h)   

 



 

TABLE AX6.5-2.  STUDIES EXAMINING EXPOSURE TO AMBIENT NO2 AND HEART RATE VARIABILITY AS 
MEASURED BY VARIABLES RECORDED ON IMPLANTABLE CARDIOVERTER DEFIBRILLATORS (ICDS) 

NO2 Conc (ppb)  Copollutant Correlation 

Author, Year OR (95% CI) Location Subjects Analysis Method Mean (sd) Range  PM2.5 
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O3 SO2 CO 

Risk of ICD discharge            

Peters et al. (2000a)  Eastern MA 
100 cardiac 
outpatients 

logistic regression, 
fixed effects 23 (no sd given) 11, 65  0.6 !0.3 0.3 0.7 

lag 1 1.55 (1.05, 2.29)           

lag 0-4 1.88 (1.01, 3.49)           

Risk of ICD-recorded ventricular arrhythmias           

Rich et al. (2005)  Boston 
203 cardiac 
outpatients case-crossover med 22 

p25-max, 
18, 62      

all patients            

lag 0-1 1.54 (1.11, 2.18)           
patients with recent arrhythmia 
(< 3 days)            

lag 0-1 2.09 (1.26, 3.51)           

Dockery et al. (2005)  Boston 
307 cardiac 
outpatients 

logistic regression, 
GEE med 23 

p25-p95, 
19, 34  >0.4 <!0.4 >0.4 0.6 

patients with recent arrhythmia 
(<3 days)            

lag 0-1 2.14 (1.14, 4.03)           
Risk of ST-segment depression 
>0.1 mV            

Pekkanen et al. (2002)  Finland 
45 cardiac 
patients 

linear regression, 
GAM med 16 

p25-max, 
12, 36  0.4   0.3 

lag 2 14.1 (3.0, 65.4)           
Risk of resting heart rate 
>75 bpm            

Ruidavets et al. (2005)  France 863 adults 
polytomous logistic 
regression 16 (6) 2, 48   !0.3 0.7  

lag 8h 2.7 (1.2, 5.4)                     

All results given for 20 ppb increase in NO2 with 24-h averaging time. 

 



 

TABLE AX6.6-1.  BIRTH WEIGHT AND LONG-TERM NO2 EXPOSURE STUDIES 
     Conc Range (ppb)  Correlation with Other Pollutants 

Author, Year 
Study 

Location 
Study 
Group 

Study 
Subjects 

Odds Ratio 
(95% CI) 

Analysis 
Method 

Unit of 
Averaging 

Time Low Mid-range High PM2.5 PM10 O3 SO2 CO BS Distance 

Lin et al. (2004) Taiwan Term LBW 
92,288 birth 
 cert            3  
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km

Pregnancy   1995-1997  
Logistic 
regression  <26.1 26.1, 32.9 >32.9        

Medium NO2    1.06 (0.93, 1.22)             

High NO2    1.06 (0.89, 1.26)             

Trimester 1       <24.3 24.3, 34.7 >34.7        

Medium NO2    1.10 (0.96, 1.27)             

High NO2    1.09 (0.89, 1.32)             

Trimester 2       <24.0 24.0, 34.4 >34.4        

Medium NO2    0.87 (0.76, 1.00)             

High NO2    0.93 (0.77, 1.12)             

Timester 3       <23.8 23.8, 34.2 >34.2        

Medium NO2    1.01 (0.88, 1.16)             

High NO2    0.86 (0.71, 1.03)             

                 

Lee et al. (2003b) 
Seoul, 
Korea Term LBW 

388,105 birth 
cert  

Generalized 
additive 24 h 25 31.4 39.7        

Pregnancy   1996-1998 1.04 (1.00, 1.08) 
model 
(GAM)            

Trimester 1    1.02 (0.99, 1.04) Interquartile      0.66  0.75 0.77   

Trimester 2    1.03 (1.01, 1.06)       0.81  0.77 0.78   

Trimester 3    0.98 (0.96, 1.00)       0.8  0.76 0.82   

                 

Bobak M. (2000) Czech 
LBW 
adjusted  

69,935 birth 
cert  

Logistic 
regression 24 h 12.2 20 31.1        

Trimester 1  for GA 1991 only 0.98 (0.81, 1.18) 
50 µg 
increase        0.53    

Trimester 2    0.99 (0.80, 1.23)         0.62    

Trimester 3    0.97 (0.80, 1.18)         0.63    

 



 

TABLE AX6.6-1 (cont’d).  BIRTH WEIGHT AND LONG-TERM NO2 EXPOSURE STUDIES 
     Conc Range (ppb) Correlation with Other Pollutants  

Author, Year 
Study 

Location 
Study 
Group 

Study 
subjects 

Odds Ratio 
(95% CI) 

Analysis 
Method 

Unit of 
Averaging 

Time Low Mid-range High PM2.5 PM10 O3 SO2 CO BS Distance 

Maroziene and  Kaunas  
LBW 
adjusted  3,988 birth cert 

Logistic 
regression            

Grazuleviciene 
(2002) Lithuania for GA 1998 only     6.2 (5.7)         

Pregnancy    1.28 (0.97, 1.68) 10 µg increase            

Medium NO2    0.96 (0.47, 1.96)             

High NO2    1.54 (0.80, 2.96)             

Trimester 1    0.91 (0.53, 1.56) 10 µg increase            

Trimester 2    0.93 (0.61, 1.41)             

Trimseter 3    1.34 (0.94, 1.92)             

                 

Liu et al. (2003) Vancouver  
LBW 
adjusted  

229,085 birth 
cert  

Logistic 
regression 24 h 15.1 18.1 22.3   !0.25 0.61 0.72   

First mo  for GA 1986-1998 0.98 (0.90, 1.07) 10 ppb increase            

Last mo    0.94 (0.85, 1.04)             

                 
Salam et al. 
(2005) 

Southern 
CA Term LBW 3,901 birth cert 

Logistic 
regression   36.1 (15..4)  0.55 !0.1  0.41  

5 km or 3 
within 50 km 

Pregnancy  CHS 1975-1987 0.8 (0.4, 1.4)    IQR 25        
within 
county 

Trimester 1    0.9 (0.5, 1.5)             

Trimester 2    1.0 (0.6, 1.6)             

Trimester 3    0.6 (0.4, 1.1)             

Bell M et al. 
(2007) CT and MA 

LBW 
adjusted  

358,504 birth 
cert   

logistic 
regression 

  

17.4 (5.0)  0.64 0.55 

     

 pregnancy  for GA 1999-2002 1.027 (1.002, 1.051) interquartile   IQR 4.8         

 black mothers    !12.7 (!18.0, !7.5) linear regression            

 white mothers    !8.3 (!10.4, !6.3) 
difference in 
gms 

           

     per IQR            
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TABLE AX6.6-2.  PRETERM DELIVERY AND LONG-TERM NO2 EXPOSURE STUDIES 
     Unit of Conc Range (ppb)  Correlation with Other Pollutants  

Author, Year 
Study 

Location 
Study 
Group Study subjects 

Odds Ratio (95% 
CI) 

Analysis 
Method 

Averaging 
Time Low 

Mid-
range High PM2.5 PM10 O3 SO2 CO BS Distance 

Bobak 2000 Czech Preterm 69,935 birth cert  
Logistic 
regression 24 h 12.2 20 31.1    0.62 
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trimester 1   1991 only 1.10 (1.00, 1.21) 50 µg increase            
trimester 2    1.08 (0.98, 1.19)             

     
     

     
     

     

     

     
     

     
     
     

     

     

trimester 3    1.11 (1.00, 1.23)        
            
Liu S et al. (2003) Vancouver Preterm 229,085 birth cert   24 h 15.1 18.1 22.3   !0.25 0.61 0.72  13 monitors 
first mo   1986-1998 1.01 (0.94, 1.07) 10 ppb increase           avg 
last mo    1.08 (0.99, 1.17)        
            

Maroziene and Kaunas Preterm 3,988 birth cert  
Logistic 
regression       

Grazuleviciene R 
(2002) Lituania           
pregnancy    1.25 (1.07, 1.46) 10 µg increase   6.2 (5.7)         
medium NO2    1.14 (0.77, 1.68)        
high NO2    1.68 (1.15, 2.46)        
trimester 1    1.67 (1.28, 2.18) 10 µg increase            
trimester 2    1.13 (0.90, 1.40)        
trimester 3    1.19 (0.96, 1.47)        
            

Ritz  et al. (2000) southern CA Preterm 97,158 birth cert  
Logistic 
regression 24 h 32 40.9 50.4  0.74 !0.12  0.64 

     
 

Zipcode 
within 
2 miles 

first mo   1989-1993 No effects for        
6 wks before birth    any preg period             
            
Hansen C et al. 
(2006) Brisbane Preterm 28,200 birth cert  

Logistic 
regression 24 h  8.8 (4.1)   0.32 0.13     

trimester 1   2000-2003 0.93 (0.78, 1.12) IQR 5.2 ppb            
90 days before 
birth    1.03 (0.86, 1.23) IQR 4.5 ppb            
            

 
 
 
 

 



 

TABLE AX6.6-2 (cont’d).  PRETERM DELIVERY AND LONG-TERM NO2 EXPOSURE STUDIES 
     Unit of Conc Range (ppb)  Correlation with Other Pollutants  

Author, Year 
Study 

Location 
Study 
Group Study Subjects 

Odds Ratio (95% 
CI) 
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Analysis 
Method 

Averaging 
Time Low 

Mid-
range High PM2.5 PM10 O3 SO2 CO BS Distance 

Leem  et al. 
(2006) 

Inchon, 
Korea Preterm 52,113 birth cert  Log binomial  15.78 22.93 29.9  0.37  0.54 0.63  Kriging 

Trimester 1 Q2   2001-2002 1.13 (0.99, 1.27) regression            

Trimester 1 Q3    1.07 (0.94, 1.21)             

Trimester 1 Q4    1.24 (1.09, 1.41) Trend .02            

Trimester 3 Q2    1.06 (0.93, 1.20)             

Trimester 3 Q3    1.14 (1.01, 1.29)             

Trimester 3 Q4    1.21 (1.07, 1.37) Trend <.001            

 



 

TABLE AX6.6-3.  FETAL GROWTH AND LONG-TERM NO2 EXPOSURE STUDIES 

    Conc Range (ppb)  
Correlation with Other 

Pollutants  

Author, Year 
Study 

Location 
Study 
Group 

Study 
Subjects 

Odds Ratio 
(95% CI) 

Analysis 
Method 

Unit of 
Averaging 

Time Low Mid-range High PM2.5 PM10 O3 SO2 CO BS Distance 

Salam et al. 
(2005) 

Southern 
CA 

Term 
SGA 

3,901 birth 
cert  

Linear 
mixed model 24 h  36.1 (15.4)   0.55 !0.1  0.69  

5 km or 
3 monitors 
within 50 km

Pregnancy CHS 
<15% of 
data 1975-1987 1.1 (0.9, 1.3)             

Trimester 1    1.2 (1.0, 1.4) IQR = 25            

Trimester 2    1.0 (0.8, 1.2)             

Trimester 3    1.0 (0.8, 1.2)             

                 
Mannes et al. 
(2005) Sydney SGA 

51,460 birth 
cert  

Logistic 
regression 1-h max 18 23 27.5 0.66 0.47 0.29  0.57  5 km 

Trimester 1  
>2sd 
below 1998-2000 1.06 (0.99, 1.14)    23.2 (7.4)         

Trimester2  
national 
data  1.14 (1.07, 1.22) 1 ppb            

Trimester 3    1.13 (1.05, 1.21)             
1 mo before 
birth    1.07 (1.00, 1.14)             

                 

Liu et al. (2003) Vancouver term SGA 
229,085 birth 
cert  

Logistic 
regression 24 h 15.1 18.1 22.3   !0.25 0.61 0.72  

13 monitors 
Avg 

Trimester 1  
<10% 
national 1986-1998 1.03 (0.98, 1.10)             

Trimester 2    0.94 (0.88, 1.00) 10 ppb            

Trimester 3    0.98 (0.92, 1.06)             

First mo    1.05 (1.01, 1.10)             

Last mo    0.98 (0.92, 1.03)             

A
ugust 2007 

A
X

6-111 
D

R
A

FT-D
O

 N
O

T Q
U

O
TE O

R
 C

ITE

 

 



 

TABLE AX6.7-1.  LUNG FUNCTION AND LONG-TERM NO2 EXPOSURE 

    Conc Range (ppb)  
Correlation with Other 

Pollutants  

Author, Year 
Study 

Location 
Study 
Group 

Study 
Subjects Odds Ratio (95% CI)

Analysis 
Method 

Unit of 
Averaging 

Time Low 
Mid-

Range High PM2.5 PM10 O3 SO2 CO BS Distance 

Gauderman 
(2004) southern CA 

Lung 
function 

1757 
children  

2-stage 
linear 24 h annual    0.79 0.67 !0.11    

Study monitors 
in 12 towns 

Difference in 
lung growth  Longitudinal age 10-18  Regression Avg           

FVC   CHS !95 (!183.4, !0.6)             

FEV1    !101.4 (!164.5, !38.4) 34.6 ppb            

MMEF    !211 (!377.6, !44.4)             
                 
Moseler et al. 
(1994) Frieberg lung function 467 children  

Linear 
regression 

Median 
wkly  21.28         

with asthma 
symp Germany  age 9-16     threshold         

FEV1    0.437 
Parameter 
estimates            

lnMEF75%    !0.011             

ln MEF50%    !0.022 
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µg

p

µg

            

lnMEF25%    !0.029             

no asthma sy  m                 

FEV1    !0.049             

lnMEF75%    0.003             

lnMEF50%    0.004             

lnMEF25%    0.003             
                 

Switzerland 
Lung 
function 3,115 adults  

2-stage 
linear 

24-h 
annual  18.9 (8.5)   0.91 !0.78 0.86   

Sonitors in 
8 Study area Ackermann-

Liebrich et al. 
(1997)   3 yr residents  Regression Avg           

FVC   nonsmokers !0.0123             

   SAPALDIA (!0.0152, !0.0094) 
Parameter 
estimate            

FEV1    !0.0070             

    (!0.0099, !0.0041) 10             

 



 

TABLE AX6.7-1 (cont’d).  LUNG FUNCTION AND LONG-TERM NO2 EFFECTS 

    Conc Range (ppb)  
Correlation with Other 

Pollutants  

Author, Year 
Study 

Location 
Study 
Group 

Study 
Subjects 

Odds Ratio 
(95% CI) 

Analysis 
Method 

Unit of 
Averaging 

Time Low 
Mid-
range High PM2.5 PM10 O3 SO2 CO BS Distance 

Schindler et al. 
(1998) Switzerland 

Lung 
function 560 adults %change 

Linear 
regression Wkly a  
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vg          
Personal and 
Home monitors 

FVC home   3 yr residents !0.59 (!1)             

FVC personal   SAPALDIA              

FEV hom   e

S

s

                

FEV personal                 

                 
Peters et al. 
(1999a) 

Southern 
CA 

Lung 
function 

3,293 
children  

Linear 
regression 24 h          

Study monitors 
in 12 tons 

   CH               
FVC all  
1986-1990    !42.6 (13.5) 

Parameter 
estimate             

FVC girls  
1986-1990    !58.5 (15.4) IQR = 25 ppb            
FEV1 all  
1986-1990    !23.2 (12.5)             
FEV1 girls  
1986-1990    !39.9 (13.9) IQR  = 25 ppb            

FVC all 1994    !46.2 (16.0)             

FVC girls 1994    !56.7 (19.8)             

FEV1 all.1994    !22.3 (14.8)             

FEV1 girls 1994    !44.1 (16.1)             

                 
Tager et al. 
(2005) Southern & 

Lung 
function 

255 students 
UC  

Linear 
regression  22 30 40 Men  0.57    Lifetime history 

lnFEF75 men 
Northern 
CA  Berkeley !0.029 (0.003)

Parameter 
estimates  21 27 40 Women       

lnFEF75 women    !0.032 (0.002)
Results 
substantially            

 
 

 



 

TABLE AX6.7-2.  ASTHMA AND LONG-TERM NO2 EXPOSURE 

   Conc Range (ppb)  
Correlation with Other 

Pollutants  

Author, Year 
Study 

Location Study Group 
Study 

Subjects 
Odds Ratio 

(95% I) 
Analysis 
Method 

Unit of 
Averaging 

Time Low 
Mid-
range High PM2.5 PM10 O3 SO2 CO BS Distance 

Garrett et al. 
(1999) Latrobe Valley Asthma 148 children  

Logistic 
regression   6        In home 

Bedroom NO2 Australia Monash Q Age 7-14 
1.01 
(0.75, 1.37)             

Indoor mean   1994-1995 
1.00 
(.075, 1.31) 10 µg            

winter    
0.99 
(0.84, 1.16)             

summer    
2.52 
(0.99, 6.42)             

                4 monitors 
Hirsch et al. 
(1999) Dresden Asthma 

5,421 
children  

Logistic 
regression  29.3 33.8 37.8       Within 1 km 

Home address Germany ISAAC 
Age 5-7,  
9-11 

1.16 
(0.94, 1.42)             

Home & school    1995-1996 
1.14 
(0.86, 1.51) 10 µg            

   
12 mo 
residence              

                 
Peters et al. 
(1999b) Southern CA Asthma 

3,676 
children  

Logistic 
regression 24 h  

21.5 
mean        

Study 
monitors 

all children CHS Questionnaire Age 9-16 
1.21 (0.850, 
1.71)            In 12 towns 

boys   1994 
1.25 
(0.90, 1.75) 

IQR = 
25 ppb            

girls    
1.07 
(0.57, 2.02)             
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TABLE AX6.7-2 (cont’d).  ASTHMA AND LONG-TERM NO2 EXPOSURE 

   Conc Range (ppb)  
Correlation with Other 

Pollutants  

Author, Year 
Study 

Location Study Group 
Study 

Subjects 

Odds 
Ratio 

(95% I) 
Analysis 
Method 

Unit of 
Averaging 

Time Low Mid-range High PM2.5 PM10 O3 SO2 CO BS Distance 

Millstein et al. 
(2004) Southern CA Asthma  

2,034 
children  

Mixed effects 
model Moly    0.28 0.39     

Study 
monitors in 
12 towns 

annual CHS Medication use Age 9-11 
0.94 
(0.71, 1.22)       
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March-August   1995 
0.96 
(0.68, 1.37) IQR = 5.74 ppb            

Sept-Feb    
0.90 
(0.66, 1.24)          

France 6 
towns Asthma 

4,901 
children  

Logistic 
regression 3 yrs       

29 
monitoring Penard-Morand 

et al. 
(2005)  ISAAC Age 9-11             Sites, school 

lifetime asthma   1999-2000 
0.94 
(0.83, 1.07) 10 µg  

8.7, 
16.0  16.1, 25.7  0.46 0.76 0.35   Address 

current asthma   
3 yr 
residence 

0.92 
(0.77, 1.10)          

Studnicka et al. 
(1997) 8 communities Asthma 843 children  

Logistic 
regression 3 yrs 8.0, 8.7 11.7, 13.3 14.7, 17.0       

Study 
monitor in 
each 
community 

Ever asthma low Lower Austria ISAAC  1.28             
Ever asthma 
medium    2.14             
Ever asthma 
high    5.81 <.05            
Current asthma 
low    1.7             
Currrent asthma 
medium    1.47             
Current asthma 
high    8.78 <.05            

 
 
 
 
 

 



 

TABLE AX6.7-2 (cont’d).  ASTHMA AND LONG-TERM NO2 EXPOSURE 

   Conc Range (ppb)  
Correlation with Other 

Pollutants  Distance 

Author, Year 
Study 

Location Study Group 
Study 

Subjects 
Odds Ratio 

(95% I) 
Analysis 
Method 

Unit of 
Averaging 

Time Low 
Mid-
range High PM2.5 PM10 O3 SO2 CO BS  

Wang et al. 
(1999) Taiwan Asthma 

117,080 
students   

Logistic 
regression   

28 
median        

24 district 
monitors 

Current asthma   age 11-16 
1.08  
(1.04, 1.13) 

Above/below 
median            

                 
Ramadour M 
et al. (2000) 7 communities Asthma 

2,445 
children  

Logisitic 
regression   11-27 mean       

Monitors in each 
community 

 France ISAAC age 13-14 Nonsignificant             

   
3 yr 
residence Results             

                 
Shima and 
Adachi et al. 
(2000) 7 communities Asthma 

905 
children  

Logistic 
regression  20-29 30-39 $40       

In home 
measurements 

Outdoor 4th 
grade girls Japan Prevalence  age 9-10 

1.14 (0.65, 
2.09)             

Outdoor 5th 
grade girls    

1.14 
(0.63, 2.13) 

10 ppb 
increase   

7-25 
mean        

Monitors near 
schools 

Outdoor 6th 
grade girls    

0.95 
(0.45, 2.05)    Outdoors         

Indoor 4th grade 
girls    

1.63 
(1.06, 2.54)             

Indoor 5th grade 
girls    

1.67 
(1.06, 2.66)             

Indoor 6th grade 
girls    

1.18 
(0.62, 2.18)             

Outdoor   Asthma   
2.10 
(1.10, 4.75) 

10 ppb 
increase            

Indoor  Incidence  
0.87 
(0.51, 1.43)             
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   Conc Range (ppb)  
Correlation with Other 

Pollutants  

Author, Year 
Study 

Location 
Study 
Group 

Analysis 
Method 

Unit of 
Averaging 

Time Low 
Mid-
range High PM2.5 PM10 O3 

Study 
Subjects 

Odds Ratio 
(95% I) SO2 CO BS Distance 

Kim J et al. 
(2004a) San Francisco  Asthma 

1,109 
children   2-stage    

24 
mean  “low”  “low”    

10 school 
sites 

All children Bay area  Age 9-11 1.02 (0.97, 1.07) 
Hierarchical 
model            

All 1 yr 
residents    1.04 (0.98, 1.10)             
1 yr resident 
girls    1.09 (1.03, 1.15) IQR = 3.6 NO2            
1 yr resident 
boys    1.00 (0.94, 1.07)             

All children    1.04 (0.97, 1.11)             
All 1 yr 
residents    1.07 (1.00, 1.14) IQR = 14.9 NOx            
1 yr resident 
girls    1.17 (1.06, 1.29)             
1 yr resident 
boys    1.02 (0.93, 1.11)             

                 
Gauderman W 
et al. (2005) Asthma  208 children  

Logistic 
regression 4 wk avg  13-51        

Outside 
home Southern CA 

Lifetime asthma CHS   1.83 (1.04, 3.21) IQR =  5.7            

Asthma med use    2.19 (1.20, 4.01)             

                 
Hwang et al. 
(2005) Taiwan Asthma 

32,672 
children  2-stage  21.5 29.6 33.1  0.34 !0.39 0.5   

Schools 
within  

Parental atopy National study ISAAC  0.99 (0.92, 1.07) 
Hierarchical 
model           

1 km of 
monitors 

No parental 
atopy    1.02 (0.95, 1.10) 10 ppb NOx            

 
 
 

 



 

TABLE AX6.7-3.  RESPIRATORY SYMPTOMS AND LONG-TERM NO2 EXPOSURE 

    Conc Range (ppb)  
Correlation with Other 

Pollutants  

Author, Year 
Study 

Location Study Group 
Study 

Subjects 
Odds Ratio 
(95% CI) 

Analysis 
Method 

Unit of 
Averaging 

Time 
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PM2.5 PM10 Low Mid-range High O3 SO2 CO BS Distance 

Garrett  et al. 
(1999) Latrobe Valley Symptoms 

148 
children  

Logistic 
regression   6        In home 

wheeze Australia Monash Q Age 7-14 1.15 (0.85, 1.54)             

cough   1994-1995 1.47 (0.99, 2.18) 10 µg            

short of breath    1.23 (0.92, 1.64)             

chest tightness    1.12 (0.81, 1.56)             

any symptoms    1.24 (0.91, 1.68) 10 µg mean           4 monitors 

any symptoms    1.12 (0.93, 1.35) 10 µg winter            

any symptoms    2.71 (1.11, 6.59) 
10 µg 
summ  er            

                 
Hirsch et al. 
(1999) Dresden Symptoms 

5,421 
children  

Logistic 
regression  29.3 33.8 37.8       Within 1 km 

wheeze home Germany ISAAC 
Age 5-7, 
9-11 1.13 (0.93, 1.37)             

wheeze school   1995-1996 0.95 (0.72, 1.26) 10 µg            

cough home   
12 mo 
residence 1.22 (1.94, 1.44)             

cough school    1.21 (0.96, 1.52)             
cough non-
atopic child    1.42 (1.10, 1.84)             

                 
Peters et al. 
(1999b) Southern CA Symptoms 

3,676 
children  

Logistic 
regression 24 h  21.5 mean        

Study 
monitors 

wheeze CHS Questionnaire Age 9-16 1.12 (0.86, 1.45)            In 12 towns 

cough   1994 1.14 (0.94, 1.39) IQR = 25 ppb            

wheeze boys    1.54 (1.04, !2.29)             

wheeze girls    0.86 (0.57, 1.29)             

 

 



 

TABLE AX6.7-3 (cont’d).  RESPIRATORY SYMPTOMS AND LONG-TERM NO2 EXPOSURE 

    Conc Range (ppb)  
Correlation with Other 

Pollutants  

Author, Year 
Study 

Location 
Study 
Group 

Study 
Subjects 

Odds Ratio 
(95% CI) 

Analysis 
Method 

Unit of 
Averaging 

Time Low 
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PM2.5 Mid-range High PM10 O3 SO2 CO BS Distance 

Millstein et al. 
(2004) Southern CA Symptoms 2,034 children  

Mixed effects 
model Moly    0.28 0.39     

Study 
monitors 

wheeze CHS  Age 9-11 0.93 (0.77, 1.12)            
In 12 
towns 

wheeze Mar-Aug   1995 0.79 (0.40, 1.53) IQR = 5.74 ppb            

wheeze Sept-Feb    0.85 (0.64, 1.14)             
                 

France 6 
towns Symptoms 4,901 children  

Logistic 
regression 3 yrs          

29 
monitoring 
sites,  

Penard-Morand 
et al. (2005) 

 ISSAC Age 9-11             
school 
address 

wheeze past 
12 mos.   1999-2000 0.87 (0.75, 1.01) 10 µg  

8.7, 
16.0  

16.1, 
25.7  0.46 0.76 0.35    

   3 yr residence              
                 
Mukala et al. 
(1999) Helsinki Symptoms 163 children  GEE Wkly <8.6 8.6, 14.5 >14.5       

Palms 
tubes 

cough Finland  Age 3-6 1.23 (0.89, 1.70) 2nd tertile Avg          
On outer 
garment 

cough   1991 1.52 (1.00, 2.31) 3rd tertile            

nasal symp winter    0.99 (0.58, 1.68) 2nd tertile            

nasal symp winter    0.89 (0.44. 1.82) 3rd tertile            

nasal symp spring    0.76 (0.56, 1.02) 2nd tertile            

nasal symp spring    0.68 (0.46, 1.01) 3rd tertile            
                 
Pikhart et al. 
(2000) Prague Symptoms 3,045 children  

Multi-level 
model  14.8 19 24.1        

wheeze  Czech SAVIAH Age 7-10 1.16 (0.95, 1.42) 
Individual 
covariates            

wheeze    1993-1994 1.07 (0.86, 1.33) 
Ecological 
covariates            

wheeze     1.08 (0.86, 1.36) Both covariates            

 



 

TABLE AX6.7-3 (cont’d).  RESPIRATORY SYMPTOMS AND LONG-TERM NO2 EXPOSURE 

    Conc Range (ppb)  
Correlation with Other 

Pollutants  

Author, Year Study Location 
Study 
Group 

Study 
Subjects 

Odds Ratio 
(95% CI) 

Analysis 
Method 

Unit of 
Averaging 

Time Low Mid-range High PM2.5 PM10 O3 SO2 CO BS Distance 

van Strien, 2004 CT and MA Symptoms 849 children  
Poisson 
regression 10-14 day 5.1 9.9 17.4       In home 

wheeze   Age 12 mos 1.15 (0.79, 1.67) Q2 Avg           

wheeze    1.03 (0.69, 1.53) Q3            

wheeze    1.45 (0.92, 2.27) Q4            

cough    0.96 (0.69, 1.36) Q2            

cough    1.33 (0.94, 1.88) Q3            

cough    1.52 (1.00, 2.31) Q4            

short of breath    1.59 (0.96, 2.62) Q2            

short of breath    1.95 (1.17. 3.27) Q3            

short of breath    2.38 (1.31, 4.34) Q4            

                 
Nitschke et al. 
(2006) Adelaide Symptoms 174 asthmatic  

Zero-inflated 
negative  School 34 (28) 

117 
max       

9 days in 
class 

Wheeze school Australia  
Children, age 
5-13 0.99 (0.93, 1.06) 

binomial 
regression  Home 20 (22) 

147 
max       

3 days at 
home 

Wheeze home   2000 1.00 (0.90, 1.11)             

Cough school    1.01 (0.98, 1.04) 
10ppb 
increase            

Cough home    0.99 (0.96, 1.02)             
Difficult breath 
school    1.11 (1.05, 1.18)             
Difficult breath 
home    1.03 (1.01, 1.05)             

Chest tight school    1.12 (1.07, 1.17)             

Chest tight home    1.02 (0.95, 1.09)             
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TABLE AX6.8.  LUNG CANCER 

     Conc Range (ppb)  
Correlation with Other 

Pollutants  

Author, Year 
Study 

Location 
Study 
Group 

Study 
Subjects 

Odds Ratio 
(95% CI) 

Analysis 
Method 

Unit of 
Averaging 

Time Low 
Mid-
range High PM2.5 PM10 O3 SO2 CO BS Exposure 

Nyberg et al. 
(2000) Stockholm 

lung 
cancer 1,042 cases  

logistic 
regression  8.1 10.6 13.3       

From 
addresses 

30-yr estimated 
exposure Sweden  

2,364 
controls 1.05 (0.93, 1.18) 10 µg           and traffic 

   
men age  
40-75 1.18 (0.93, 1.49) Q2            

    0.90 (0.71, 1.14) Q3            

    1.05 (0.79, 1.40) Q4            
10-yr estimated 
exposure    1.10 (0.97, 1.23) 10 µg            

    1.15 (0.91, 1.46) Q2            

    1.01 (0.79, 1.29) Q3            

    1.07 (0.81, 1.42) Q4            

    1.44 (1.05, 1.99) 90th percentile            

                 

Nafstad (2004) Norway lung caner 16,209 men  
Cox 
proportional  5.32 10.6 16       

Home 
address 

lung cancer 
incidence   

age 40-49 
at entry 1.08 (1.02, 1.15) 10 µg           1972-1974 

   
followed 
1972-1998 0.90 (0.70, 1.15) Q2            

    1.06 (0.81, 1.38) Q3            

    1.36 (1.01, 1.83) Q4            

non-lung cancer    1.02 (0.99, 1.06 10 µg            

    0.98 (0.88, 1.08) Q2            

    1.05 (0.94, 1.18) Q3            

    1.04 (0.91, 1.18) Q4            
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TABLE AX6.9.  EFFECTS OF ACUTE NOX EXPOSURE ON MORTALITY.  RISK ESTIMATES ARE STANDARDIZED 
FOR PER 20 PPB 24-H AVG NO  INCREMENT 2

Reference, Study 
Location, and Period 

Outcome 
Measure Mean NO2 Levels 

Copollutants 
Considered 

Lag Structure 
Reported Method/Design Effect Estimates 

META ANALYSIS 
Stieb et al. (2002), re-
analysis (2003) meta-
analysis of estimates 
from multiple 
countries.  

All cause 24-h avg ranged from 
13 ppb (Brisbane, 
Australia) to 38 ppb 
(Santiago, Chile). 
“Representative” 
concentration:  24 ppb 

PM10, O3, SO2, 
CO 

The lags and multiday 
averaging used in these 
estimates varied 

Meta-analysis of 
time-series study 
results 

Single-pollutant 
model 
(11 estimates):  
0.8% (95% CI:  0.2, 
1.5);  
Multipollutant 
model estimates 
(3 estimates):  0.4% 
(95% CI:  !0.2, 1.1) 

UNITED STATES 
Samet et al. (2000a,b 
reanalysis Dominici et 
al., 2003) 
90 U.S. cities (58 U.S. 
cities with NO2 data) 
1987-1994 
 

 
 
All cause; 
cardiopulmonary 
 

 
 
Ranged from 9 ppb 
(Kansas City) to 39 ppb 
(Los Angeles), 24-h avg 

 
 
PM10, O3, SO2, 
CO; two-pollutant 
models 
 

 
 
0, 1, 2 
 

 
 
Poisson GAM, 
reanalyzed with 
stringent convergence 
criteria; Poisson GLM.  
Time-series study. 
 

 
 
24-h avg NO2 
(per 20 ppb):  
Posterior means:  
All cause:  
Lag 1:  0.50% 
(0.09, 0.90) 
Lag 1 with PM10 
and SO2:  0.48% 
(!0.54, 1.51) 

Kinney and Özkaynak 
(1991) 
Los Angeles County, 
CA 
1970-1979 
 

All cause; 
respiratory; 
circulatory 
 

69 ppb, 24-h avg  KM (particle optical 
reflectance), NO2, 
SO2, CO; 
multipollutant 
models 
 

1 
 

OLS (ordinary least 
squares) on high-pass 
filtered variables. 
Time-series study. 
 

All cause:  
Exhaustive 
multipollutant 
model:  
0.5% (!0.1, 1.2); 
Two-pollutant with 
Ox:  0.7% (0.5, 1.0) 

Kelsall et al. (1997) 
Philadelphia, PA, 
1974-1988 

All cause;  
respiratory; 
cardiovascular,  
 

39.6 ppb, 24-h avg TSP, CO, SO2, O3 0 (AIC presented for 
0 through 5) 
 

Poisson GAM All cause:  
Single pollutant:  
0.3% (!0.6, 1.1); 
With TSP:  
!1.2% (!2.2, !0.2) 
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TABLE AX6.9 (cont’d).  EFFECTS OF ACUTE NOX EXPOSURE ON MORTALITY.  RISK ESTIMATES ARE 
STANDARDIZED FOR PER 20 PPB 24-H AVG NO  INCREMENT 2
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Reference, Study 
Location, and Period Outcome Measure Mean NO2 Levels 

Copollutants 
Considered 

Lag Structure 
Reported Method/Design Effect Estimates 

UNITED STATES (cont’d) 
 
Ostro et al. (2000) 
Coachella Valley, CA 
1989-1998 
 

 
 
All cause; 
respiratory; 
cardiovascular; 
cancer; other 
 

 
 
20 ppb, 24-h avg 

 
 
PM10, PM2.5, 
PM10!2.5, O3, CO 
 

 
 
0-4  
 

 
 
Poisson GAM with 
default convergence 
criteria.  Time-series 
study. 
 

 
 
Lag 0 day:  
All cause:  
5.5% (1.0, 10.3) 
Respiratory:  
1.8% (!10.3, 15.5) 
Cardiovascular:  
3.7% (!1.7, 9.3) 
 

Fairley 
(1999; reanalysis 
Fairley, 2003) 
Santa Clara County, 
CA 
1989-1996 
 

All cause; 
respiratory; 
circulatory 
 

28 ppb, 24-h avg PM10, PM2.5, 
PM10!2.5, SO4

2!, 
coefficient of 
haze, NO3

!, O3, 
SO2;  
 
 
 

0, 1 
 

Poisson GAM, 
reanalyzed with 
stringent convergence 
criteria; Poisson GLM. 
Time-series study. 
 

Lag 1:  
All cause:  
1.9% (0.2, 3.7); 
Cardiovascular:  
1.4% (!1.7, 4.5); 
Respiratory:  
4.8% (!0.3, 10.2) 

Gamble (1998) 
Dallas, TX 
1990-1994 

All cause; 
cardiopulmonary 
 

15 ppb, 24-h avg PM10, O3, SO2, 
CO; two-pollutant 
models 

Avg 4-5 
 

Poisson GLM.  Time-
series study. 
 

All cause:  
4.4% (0.0, 9.0) 
Cardiovascular:  
1.9% (!4.6, 9.0) 
Respiratory:  
13.7% (!2.0, 32.0) 

Dockery et al. (1992) 
St. Louis, MO and 
Eastern Tennessee 
1985-1986 
 

All cause 
 

St. Louis:  20 ppb; 
Eastern Tennessee:  
12.6 ppb, 24-h avg  

PM10, PM2.5, SO4, H+, 
O3, SO2 
 

Lag 1  
 

Poisson with GEE. 
Time-series study. 
 

All cause:  
St. Louis, MO:  
0.7% (!3.5, 5.1) 
Eastern Tennessee:  
3.9% (!8.7, 18.2) 

 

 



 

TABLE AX6.9 (cont’d).  EFFECTS OF ACUTE NOX EXPOSURE ON MORTALITY.  RISK ESTIMATES ARE 
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Reference, Study 
Location, and Period 

Outcome 
Measure Mean NO2 Levels 

Copollutants 
Considered 

Lag Structure 
Reported Method/Design Effect Estimates 

UNITED STATES (cont’d) 
Moolgavkar (2003) 
Cook County, IL and Los 
Angeles County, CA, 
1987-1995 
 

All cause; 
cardiovascular 
 

Cook County:  25 
ppb; Los Angeles:  
38 ppb, 24-h avg  

PM2.5, PM10, O3,  
SO2, CO; 
two-pollutant models 
 

0, 1, 2, 3, 4, 5 
 

Poisson GAM with 
default convergence 
criteria.  Time-series 
study. 
 

All cause:  
Lag 1:  
Cook County:  
Single pollutant:  
2.2% (1.3, 3.1); with 
PM10:  1.8% (0.7, 3.0); 
Los Angeles:  
Single pollutant:  2.0% 
(1.6, 2.5); with PM2.5:  
1.8% (0.1, 3.6).   

Moolgavkar (2000a,b,c); 
Re-analysis (2003).  
Cook County, IL; 
Los Angeles County, CA; 
and Maricopa County, AZ,  
1987-1995 
 

Cardiovascular; 
cerebrovascular; 
COPD 
 

Cook County:  25 
ppb; Los Angeles:  38 
ppb; Maricopa 
County:  19 ppb, 24-h 
avg  

PM2.5, PM10, O3, 
SO2, CO; two- and 
three-pollutant 
models 
 

0, 1, 2, 3, 4, 5 
 

Poisson GAM with 
default convergence 
criteria in the original 
Moolgavkar (2000); GAM 
with stringent convergence 
criteria and GLM with 
natural splines in the 2003 
re-analysis.  The 2000 
analysis presented total 
death risk estimates only in 
figures.  

GAM, Lag 1:  
Cardiovascular:  
Cook County:  1.1% 
(!0.5, 2.8); Los Angeles:  
2.8% (2.0, 3.6); 
Maricopa Co.:  4.6% 
(0.5, 9.0); 
Re-analysis, GLM:  
Total deaths:  2.5% (1.5, 
3.6) 

Lippmann et al. (2000; 
reanalysis Ito, 2003, 2004) 
Detroit, MI 
1985-1990 
1992-1994 
 

 
 
All cause; 
respiratory; 
circulatory; 
cause-specific 
 

 
 
1985-1990:  23.3 ppb, 
24-h avg 
1992-1994:  21.3 ppb, 
24-h avg 

 
 
PM10, PM2.5, 
PM10!2.5, SO4

2!, H+, 
O3, SO2, CO; 
two-pollutant 
models 
 

 
 
0, 1, 2, 3, 0-1, 
0-2, 0-3 
 

 
 
Poisson GAM, 
reanalyzed with 
stringent convergence 
criteria; Poisson GLM.  
Numerical NO2 risk 
estimates were not 
presented in the re-analysis.  
Time-series study.  

 
 
Poisson GAM:   
All cause:   
Lag 1:   
1985-1990:  
0.9% (!1.2, 3.0) 
1992-1994:  
1.3% (!1.5, 4.2) 
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Reference, Study 
Location, and Period 

Outcome 
Measure Mean NO2 Levels 

Copollutants 
Considered 

Lag Structure 
Reported Method/Design Effect Estimates 

UNITED STATES (cont’d) 
Lipfert et al. (2000a) 
Seven counties in 
Philadelphia, PA area 
1991-1995 
 

All cause; 
respiratory; 
cardiovascular; 
all ages; age 
65+ yrs; age 
<65 yrs; various 
subregional 
boundaries 
 

20.4 ppb, 24-h avg  PM10, PM2.5, 
PM10!2.5, SO4 
O3, other PM 
indices, NO2, SO2, 
CO; two-pollutant 
models 
 

0-1 
 
 

Linear with 19-day 
weighted avg 
Shumway filters. 
Time-series study.  
Numerous results. 
 

All-cause, avg of 
0- and 1-day lags, 
Philadelphia:  
2.2% (p > 0.05) 
 
 
 

Chock et al. (2000) 
Pittsburgh, PA 
1989-1991 
 

All cause; age 
<74 yrs; 
age 75+ yrs 
 

Not reported.  PM10, NO2, SO2, 
CO; two-, five-, 
and six-pollutant 
models 
 

0, plus minus 3 
days. 
 

Poisson GLM.  Time-series 
study.  Numerous results 
 

All cause, lag 0, age 0-
74:  0.5% (!2.4, 3.5); 
age 75+:  1.0% (!1.9, 
4.0). 
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Reference, Study 
Location, and Period Outcome Measure Mean NO2 Levels 

Copollutants 
Considered 

Lag Structure 
Reported Method/Design Effect Estimates 

De Leon et al. (2003) 
New York City 
1985-1994 
 

Circulatory and 
cancer with and 
without contributing 
respiratory causes 
 

40.6 ppb, 24-h avg  PM10, O3, SO2, 
CO; two-pollutant 
models 
 

0 or 1 
 

Poisson GAM with 
stringent convergence 
criteria; Poisson GLM. 
Time-series study. 
 

Gaseous pollutants results 
were given only in figures.  
Circulatory:  
Age < 75:  ~1%  
Age 75+ :  ~ 2% 
 

Klemm and Mason 
(2000); 
Klemm et al. (2004) 
Atlanta, GA 
Aug 1998-July 2000 
 

All cause; 
respiratory; 
cardiovascular; 
cancer; other; age 
<65 yrs; age 
65+ yrs 
 

51.3 ppb, max 1-h.  PM2.5, PM10!2.5, 
EC, OC, O3, 
SO4

2!, 
NO3

!, SO2, CO 
 

0-1 
 
 

Poisson GLM using 
quarterly, moly, or 
biweekly knots for 
temporal smoothing.  
Time-series study. 
 
 

All cause, age 65+ yrs:  avg 
0-1 days 
Quarterly knots:  
1.0% (!4.2,6.6); 
Moly knots:  
3.1% (!3.0, 9.7); 
Bi-wkly knots:  
0.9% (!5.9, 8.2). 

Gwynn et al. (2000) 
Buffalo, NY 

All cause; 
respiratory; 
circulatory 

24-h avg 21 ppb PM10, CoH, O3, SO2, 
CO, H+, SO4

2! 
 Poisson GAM with 

Default convergence 
criteria. 
Time-series study. 
 

All cause (lag 3):  2.1% 
(!0.3, 4.6);  
Circulatory (lag 2):  1.3% 
(!2.9, 5.6); Respiratory 
(lag 1):  6.4% (!2.5, 16.2) 
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CANADA 
 
Burnett et al. (2004) 
12 Canadian cities 
1981-1999 
 

 
All cause 
 

 
24-h avg ranged from 
10 (Saint John) to 26 
(Calgary) ppb.  

 
PM2.5, PM10!2.5, O3, 
SO2, CO 
 

 
1, 0-2 
 

 
Poisson GLM.  
Time-series study.  
 

 
Lag 0-2, single 
pollutant:  2.0% 
(1.1, 2.9); with O3:  
1.8% (0.9, 2.7). 
 
Days when PM 
indices available, 
lag 1, single 
pollutant:  2.4% 
(0.7, 4.1); with 
PM2.5:  3.1% 
(1.2, 5.1). 
 

Burnett et al. (2000), 
re-analysis (2003) 
8 Canadian cities 
1986-1996 
 

All cause 24-h avg ranged from 
15 (Winnipeg) to 26 
(Calgary) ppb. 

PM2.5, PM10, 
PM2.5!10, SO2, 
O3, CO 
 

0, 1, 0-2 
 
 

Poisson GAM with 
default convergence 
criteria.  Time-series 
study.  The 2003 re-
analysis did not 
consider gaseous 
pollutants.  
 

Days when PM 
indices available, 
lag 1, single 
pollutant:  3.6% 
(1.6, 5.7); with 
PM2.5:  2.8% 
(0.5, 5.2). 
 

Burnett et al. (1998a), 
11 Canadian cities 
1980-1991 

All cause 24-h avg ranged from 
14 (Winnipeg) to 28 
(Calgary) ppb. 

SO2, O3, CO 
 

0, 1, 2, 0-1, 0-2 
examined but the best 
lag/averaging for each 
city chosen 
 
 

Poisson GAM with 
default convergence 
criteria.  Time-series 
study.  
 

Single pollutant:  
4.5% (3.0, 6.0); with 
all gaseous 
pollutants:  3.5% 
(1.7, 5.3). 
 

Burnett et al. (1998b), 
Toronto, 1980-1994 

All cause 24-h avg 25 ppb. SO2, O3, CO, TSP, 
COH, estimated PM10, 
estimated PM2.5 
 

0, 1, 0-1 
 
 

Poisson GAM with 
default convergence 
criteria.  Time-series 
study.  
 

Single pollutant 
(lag 0):  1.7% 
(0.7, 2.7); with CO:  
0.4% (!0.6, 1.5). 
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CANADA (cont’d) 
 
Vedal et al. (2003) 
Vancouver, British 
Columbia, Canada 
1994-1996 
 
 

 
 
All cause; 
respiratory; 
cardiovascular 
 

 
 
17 ppb, 24-h avg 

 
 
PM10, O3, SO2, 
CO 
 

 
 
0, 1, 2 
 

 
 
Poisson GAM with 
stringent convergence 
criteria.  Time-series 
study.  By season.  

 
 
Results presented in 
figures only.  NO2 
showed associations 
in winter but not in 
summer.  

Villeneuve et al. 
(2003) 
Vancouver, British 
Columbia, Canada 
1986-1999 
 

All cause; 
respiratory; 
cardiovascular; 
cancer; 
socioeconomic status 
 
 

19 ppb, 24-h avg PM2.5, PM10, 
PM2.5!10, TSP, 
coefficient of 
haze, SO4

2!, SO2, 
O3, CO 
 

0, 1, 0-2 
 
 

Poisson GLM with 
natural splines.   
Time-series study. 
 

All yr:   
All cause  
Lag 1:  4.0% 
(0.9, 7.2) 
Respiratory:   
Lag 0:  2.1% 
(!3.0, 7.4) 
Cardiovascular:   
Lag 0:  4.3% 
(!4.2, 13.4) 
 

Goldberg et al. (2003) 
Montreal, Quebec, 
Canada 
1984-1993 
 

Congestive heart 
Failure (CHF) as 
underlying cause of 
death vs. those 
classified as having 
congestive heart 
failure 1 yr prior to 
death 
 

22 ppb, 24-h avg PM2.5, coefficient 
of haze, SO4

2!, 
SO2, O3, CO 
 

0, 1, 0-2 
 
 

Poisson GLM with 
natural splines.   
Time-series study. 
 

CHF as underlying 
cause of death:   
Lag 1:  1.0% 
(!5.1, 7.5) 
Having CHF 1 yr 
prior to death:   
Lag 1:  3.4% 
(0.9, 6.0) 
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EUROPE 
Samoli et al. (2006)  
30 APHEA2 cities.  
Study periods vary  
by city, ranging from 
1990 to 1997 

All cause, 
respiratory; 
cardiovascular 

1-h max ranged from 
24 (Wroclaw) to 81 
(Milan) ppb 

BS, PM10, SO2, O3 01 Poisson model with 
penalized splines.  

All-cause:  single:  
1.8% (1.3, 2.2); with 
SO2:  1.5% (1.0, 2.0) 
Cardiovascular:  
single:  2.3% 
(1.7, 3.0); with SO2:  
1.9% (1.1, 2.7) 
Respiratory:  single:  
2.2% (1.0, 3.4); with 
SO2:  1.1% 
(!0.4, 2.6) 

Samoli et al. (2005) 9 
APHEA2 cities.  
Period not reported.  

All-cause The selected cities had 
1-h max medians 
above 58 ppb and the 
third quartiles above 
68. 
 

None 01 Poisson model with 
either non-parametric 
or cubic spline smooth 
function in each city, 
and combined across 
cities.  

No numeric estimate 
presented.  The 
concentration-
response was 
approximately linear. 

Touloumi et al. (1997) 
Six European cities:   
London, Paris, Lyon,  
Barcelona, Athens, 
Koln. 
Study periods vary by 
city, ranging from 
1977 to 1992 

All cause Ranged from 37 
(Paris) to 70 (Athens) 
ppb, 1-h max 

BS, O3; two-pollutant 
models 

0, 1, 2, 3, 0-1, 0-2, 0-3 
(best lag selected for 
each city) 

Poisson 
autoregressive.  
Time-series study. 

All-cause:  
Single-pollutant 
model:   
1.0% (0.6, 1.3); 
With BS:   
0.5% (0.0, 0.9). 

Zmirou et al. (1998) 
Four European cities:  
London, Paris, Lyon, 
Barcelona  
Study periods vary by 
city, ranging from 
1985-1992 

Respiratory; 
cardiovascular  

Ranged from 24 
(Paris) to 37 (Athens) 
ppb in cold season and 
23 (Paris) to 37 
(Athens) ppb in warm 
season, 24-h avg 

BS, TSP, SO2, O3 0, 1, 2, 3, 0-1, 0-2, 0-3 
(best lag selected for 
each city) 

Poisson GLM.  
Time-series study. 

Western Europe:   
Respiratory:   
0.0% (!1.1, 1.1) 
Cardiovascular:   
0.8% (0.0, 1.5) 
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EUROPE (cont’d) 
Biggeri et al. (2005) 
8 Italian cities, Period 
variable between 
1990-1999 
 

All cause; 
respiratory; 
cardiovascular 

24-h avg ranged from 
30 (Verona) to 51 
(Rome) ppb 

Only single-pollutant 
models; O3, SO2, CO, 
PM10 

0-1 Poisson GLM.  
Time-series study. 

All cause:   
3.6% (2.3, 5.0); 
Respiratory:   
5.6% (0.2, 11.2) 
Cardiovascular:   
5.1% (3.0, 7.3) 

Anderson et al. (1996) 
London, England 
1987-1992 

All cause; 
respiratory; 
cardiovascular 

37 ppb, 24-h avg BS, O3, SO2; 
two-pollutant models  

0, 1 Poisson GLM.  
Time-series study. 

All cause (Lag 1):   
0.6% (!0.1, 1.2); 
Respiratory (lag 1): 
!0.7% (!2.3, 1.0) 
Cardiovascular:  
0.5% (!0.4, 1.4) 

Bremner et al. (1999) 
London, England 
1992-1994 

All cause; 
respiratory; 
cardiovascular; all 
cancer; all others; all 
ages; age specific 
(0-64, 65+, 65-74, 
75+ yrs) 

34 ppb, 24-h avg BS, PM10, O3, SO2, CO; 
two-pollutant models 

Selected best from 0, 
1, 2, 3, (all cause); 
0, 1, 2, 3, 0-1, 0-2, 
0-3 (respiratory, 
cardiovascular) 

Poisson GLM.  
Time-series study. 

All cause (lag 1):  
0.9% (0.0, 1.9) 
Respiratory (lag 3):   
1.9% (!0.3, 4.2) 
Cardiovascular (lag 
1):  1.9% (0.6, 3.2) 

Anderson et al. (2001) 
West Midlands region, 
England 
1994-1996 

All cause; 
respiratory; 
cardiovascular. 

37 ppb, 1-h max   PM10, PM2.5,  
PM2.5-10, BS, SO4

2!, O3, 
SO2, CO 

0-1 Poisson GAM with 
default convergence 
criteria.  Time-series 
study. 

All cause:   
1.7% (!0.5, 3.8) 
Respiratory:   
3.3% (!1.9, 8.8) 
Cardiovascular:   
3.1% (!0.2, 6.4) 

Prescott et al. (1998) 
Edinburgh, Scotland 
1992-1995 

All cause; 
respiratory; 
cardiovascular; all 
ages; age <65 yrs; 
age $65 yrs 

26 ppb, 24-h avg BS, PM10, O3, SO2, CO; 
two-pollutant models 

0 Poisson GLM.  
Time-series study. 

Results presented as 
figures only.  
Essentially no 
associations in all 
categories.  Very 
wide confidence 
intervals.   
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EUROPE (cont’d)       
Le Tertre et al. (2002a) 
Le Havre, Lyon, Paris, 
Rouen, Strasbourg, and 
Toulouse, France 
Study periods vary by 
city, ranging from 
1990-1995 

All cause; 
respiratory; 
cardiovascular 

Ranged from 15  
(Toulouse) to 28 (Paris) 
 ppb, 24-h avg  

BS, O3, SO2 0-1 Poisson GAM with 
default convergence 
criteria.  Time-series 
study.  

Six-city pooled estimates:   
 
All cause:   
2.9% (1.6, 4.2) 
Respiratory:   
3.1% (!1.7, 8.0) 
Cardiovascular:   
3.5% (1.1, 5.9) 

Zeghnoun et al. (2001) 
Rouen and Le Havre, 
France 1990-1995 

All cause; 
respiratory; 
cardiovascular 

24-h avg 18 ppb in  
Rouen; 20 ppb in 
Le Havre 

SO2, BS, PM13, O3 0, 1, 2, 3, 0-3,  Poisson GAM with 
default convergence 
criteria.  Time-series 
study. 

All cause in Rouen 
(lag 1):  5.5% (0.2, 11.1) ; 
in Le Havre (lag 1):  2.4% 
(!3.4, 8.5) 

Dab et al. (1996) 
Paris, France  
1987-1992 

Respiratory 24 ppb, 24-h avg  BS, PM13, O3, SO2, 
CO 

0 Poisson 
autoregressive.  
Time-series study. 

Lag1:   
2.1% (3.1, 7.7) 

Zmirou et al. (1996) 
Lyon, France 
1985-1990 

All cause;  
respiratory; 
cardiovascular; 
digestive 

37 ppb, 24-h avg PM13, SO2, O3 Selected best 
from 0, 1, 2, 3 

Poisson GLM.  
Time-series study. 

All cause (lag 1):   
1.5% (!1.5, 4.6) 
Respiratory (lag 2):  
!2.3% (!15.6, 13.0) 
Cardiovascular (lag 1):  
0.8% (!2.7, 4.3) 

Sartor et al. (1995) 
Belgium 
Summer 1994 

All cause; age 
<65 yrs; age 65+ yrs 

24-h avg NO2:   
Geometric mean:   
 
During heat wave  
(42-day period):  17 ppb 
 
Before heat wave  
(43-day period):  15 ppb 
 
After heat wave  
(39-day period):  13 ppb 

TSP, NO, O3, SO2 0, 1, 2 Log-linear regression 
for O3 and 
temperature.  
Time-series study. 

Only correlation 
coefficients presented for 
NO2.  Unlike O3, NO2 was 
not particularly elevated 
during the heat wave.  
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EUROPE (cont’d)       
Hoek et al. (2000; 
reanalysis Hoek, 2003) 
The Netherlands:  
entire country, four 
urban areas 
1986-1994 

All cause; COPD; 
pneumonia; 
cardiovascular  

24-h avg median:  
17 ppb in the 
Netherlands; 24 ppb 
in the four major 
cities 

PM10, BS, SO4
2−, 

NO3
!, O3, SO2, CO; 

two-pollutant models 

1, 0-6 Poisson GAM, 
reanalyzed with 
stringent 
convergence 
criteria; 
Poisson GLM.  
Time-series study. 

Poisson GLM:  
All cause:  
Lag 1:  1.9% (1.2, 2.7) 
Lag 0-6:  2.6% (1.2, 4.0); with BS:  1.3% 
(!0.9, 3.5); 
Cardiovascular (lag 0-6):  2.7% (0.7, 
4.7). 
COPD (lag 0-6):  10.4% (4.5, 16.7). 
Pneumonia (lag 0-6):  19.9% (11.5, 29.0). 

Hoek et al. (2001; 
reanalysis Hoek, 2003)  
The Netherlands 
1986-1994 

Total 
cardiovascular; 
myocardial 
infarction; 
arrhythmia; heart 
failure; 
cerebrovascular; 
thrombosis-
related 

24-h avg median:  
17 ppb in the 
Netherlands; 24 ppb 
in the four major 
cities 
 

PM10, O3, SO2, CO 1 Poisson GAM, 
reanalyzed with 
stringent 
convergence 
criteria; Poisson 
GLM.  Time-series 
study. 

Poisson GLM:  
 
Total cardiovascular:  
2.7% (0.7, 4.7) 
Myocardial infarction:  
0.3% (!2.6, 3.2) 
Arrhythmia:  
1.7% (!6.6, 10.6) 
Heart failure:  
7.6% (1.4, 14.2) 
Cerebrovascular:  
5.1% (0.9, 9.6) 
Thrombosis-related:   
!1.2% (!9.6, 8.1) 

Roemer and van 
Wijinen (2001) 
Amsterdam, the 
Netherlands 
1987-1998 

All cause 24-h avg:   
 
Background sites:  
24 ppb 
 
Traffic sites:   
34 ppb  

BS, PM10, O3, SO2, 
CO 

1, 2, 0-6 Poisson GAM with 
default convergence 
criteria (only one 
smoother).  
Time-series study. 

Total population using background sites:  
Lag 1:  3.8% (1.7, 5.9); 
Traffic pop. using background sites:  
lag 1:  5.7% (0.6, 11.0); 
Total pop. using traffic sites:   
Lag 1:  1.7% (0.4, 3.0) 
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EUROPE (cont’d)       
Verhoeff et al. (1996) 
Amsterdam, the 
Netherlands 
1986-1992  

All cause; all ages; 
age 65+ yrs 

1-h max O3:  
43 µg/m3 
Maximum 301 

PM10, O3, CO; 
multipollutant models 
 
NO NO2!!! 

0, 1, 2 Poisson.  Time-series 
study. 

1-h max O3 (per 
100 µg/m3) 
 
All ages:  
Lag 0:  1.8% (!3.8, 7.8) 
Lag 1:  0.1% (!4.7, 5.1) 
Lag 2:  4.9% (0.1, 10.0) 

Fischer et al. (2003) The 
Netherlands, 1986-1994 

All-cause, 
cardiovascular, 
COPD, and 
pneumonia in age 
groups <45, 45-64, 
65-74, 75+ 

24-h avg median 
17 ppb 

PM10, BS, O3, SO2, 
CO 

0-6 Poisson GAM with 
default convergence 
criteria.  Time-series 
study. 

Cardiovascular:  
Age <45:  !1.3% (!13.0, 
12.1):  age 45-64:  !0.4% 
(!4.8, 4.3); age 65-74:  
4.4% (0.8, 8.0); age 75 and 
up:  3.5% (1.4, 5.6) 

Spix and Wichman 
(1996) Koln, Germany 
1977-1985 
 

All-cause 24-h avg 24 ppb; 1-h 
max 38 ppb 

TSP, PM7, SO2 0, 1, 0-1 Poisson GLM.  
Time-series study. 

Lag 1:  0.4% (!0.4, 1.2) 

Peters et al. (2000b) 
NE Bavaria, Germany 
1982-1994 
Coal basin in Czech 
Republic 
1993-1994 

All cause; 
respiratory; 
cardiovascular; 
cancer 

24-h avg:  
 
Czech Republic:  
17.6 ppb 
 
Bavaria, Germany:  
13.2 ppb 

TSP, PM10, O3, SO2, 
CO 

0, 1, 2, 3 Poisson GLM.  
Time-series study. 

Czech Republic:  
All cause:  
Lag 1:  2.1% (!1.7, 6.1) 
 
Bavaria, Germany:  
All cause:  
Lag 1:  !0.1% (!3.6, 3.6) 
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EUROPE (cont’d)       
Michelozzi et al. (1998) 
Rome, Italy 1992-1995 
 

All-cause 24-h avg 52 ppb PM13, SO2, O3, CO 0, 1, 2, 3, 4 Poisson GAM with 
default convergence 
criteria.  Time-series 
study. 

Lag 2:  all-yr:  1.6% (0.4, 
2.9); cold season 0.3% 
(!1.2, 1.8); warm season:  
4.2% (1.8,!6.6) 
 

Pönkä et al. (1998) 
Helsinki, Finland 
1987-1993 

All cause; 
cardiovascular; age 
<65 yrs, age 65+ yrs 

24-h avg:   
Median 20 ppb 

TSP, PM10, O3, SO2 0, 1, 2, 3, 4, 5, 6, 7 Poisson GLM.  
Time-series study. 

No risk estimate 
presented for NO2.   
PM10 and O3 were 
reported to have stronger 
associations.  
 

Saez et al. (2002) 
Seven Spanish cities, 
variable study periods 
between 1991 and 1996. 

All cause; 
respiratory; 
cardiovascular 

 
24-h avg mean ranged 
from 17 ppb in Huelva 
to 35 ppb in Valencia. 

O3, PM, SO2, CO 0-3 Poisson GAM with 
default convergence 
criteria.  Time-series 
study.  

All cause:  
2.6% (1.6, 3.6); 
with all other poll.:  
1.7% (0.0, 3.3); 
Respiratory:  
7.1% (!14.0, 33.5) 
Cardiovascular:  
4.4% (!0.2, 9.2) 
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EUROPE (cont’d)       
Garcia-Aymerich et al. 
(2000) 
Barcelona, Spain 
1985-1989 
 

All cause; 
respiratory; 
cardiovascular; 
general population; 
patients with COPD 

Levels not reported. BS, O3, SO2 Selected best avg lag Poisson GLM.  
Time-series study. 

All cause:  
General population:  
Lag 0-3:  3.3% (0.8, 5.8) 
COPD patients:  
Lag 0-2:  10.9% (0.4, 22.6) 
 
Respiratory:  
General population:  
Lag 0-1:  3.3% (!2.3, 9.2) 
COPD patients:  
Lag 0-2:  12.1% (!4.3, 
31.4) 
 
Cardiovascular: 
General population:  
Lag 0-3:  2.4% (!0.9, 5.8) 
COPD patients:  
Lag 0-2:  4.3% (!13.6, 
25.8) 

Saez et al. (1999) 
Barcelona, Spain 
1986-1989 

Asthma mortality; 
age 2-45 yrs 

Levels not reported. BS, O3, SO2  0-2 Poisson with GEE.  
Time-series study. 

RR = 4.1 (0.5, 35.0) 
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EUROPE (cont’d)       
Sunyer et al. (1996) 
Barcelona, Spain 
1985-1991 

All cause; 
respiratory; 
cardiovascular; 
all ages; age 70+ yrs 

1-h max:   
Median:  
Summer:  
51 ppb 
Winter:  
46 ppb 
 
 

BS, SO2, O3 Selected best 
single-day lag 

Autoregressive 
Poisson.  Time-
series study. 

All yr, all ages: 
 
All cause:  
Lag 1:  1.9% (0.8, 3.1) 
 
Respiratory:  
Lag 0:  1.5% (!1.9, 5.0) 
 
Cardiovascular:  
Lag 1:  2.2% (0.5, 3.9) 
 
Summer risk estimates larger than 
winter risk estimates. 

Sunyer and Basagãna 
(2001) 
Barcelona, Spain 
1990-1995 

Mortality in a cohort 
of patients with 
COPD 

Mean not reported 
IQR 8.9 ppb 24-h 
avg  

PM10, O3, CO 0-2 Conditional logistic 
(case-crossover) 

7.8% (!2.0, 18.6) 
with PM10:  
3.9% (!12.0, 22.5) 

Sunyer et al. (2002) 
Barcelona, Spain 
1986-1995 

All cause, 
respiratory, and 
cardiovascular 
mortality in a cohort 
of patients with 
severe asthma 

 
1-h max:  median 
47 ppb; 
24-h avg  median 
27 ppb 

PM10, BS, SO2, 
O3, CO, pollen 

0-2 Conditional logistic 
(case-crossover) 

Odds Ratio:  
Patients with 1 asthma admission:  
All cause:  
1.10 (0.80, 1.51) 
Cardiovascular:  
1.70 (0.96, 2.99) 
 
Patients with more than 1 asthma 
adm:  
All cause:  
2.14 (1.10, 4.14) 
Cardiovascular:  
1.53 (0.46, 5.07) 
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EUROPE (cont’d)       
Díaz et al. (1999) 
Madrid, Spain 
1990-1992 

All cause; 
respiratory; 
cardiovascular 
 

24-h avg  
Levels not reported. 

TSP, O3, SO2, CO 1, 4, 10 Autoregressive linear.  
Time-series study. 

Only significant risk 
estimates were 
shown.  For NO2, 
only respiratory 
mortality was 
significantly 
(p < 0.05) associated 
with an excess 
percent risk 8.5%.   

Latin America       
Borja-Aburto et al. 
(1997) 
Mexico City 
1990-1992 

All cause; 
respiratory; 
cardiovascular; all 
ages; age <5 yrs; age 
>65 yrs 

1-h max O3:  
Median 155 ppb 
 
8-h max O3:  
Median 94 ppb 
 
10-h avg O3  
(8 a.m.-6 p.m.):  
Median 87 ppb 
 
24-h avg O3:  
Median 54 ppb 

TSP, SO2, CO; 
two-pollutant models 

0, 1, 2 Poisson iteratively 
weighted and filtered 
least-squares method.  
Time-series study. 

1-h max O3 
(per 100 ppb):  
 
All ages:  
 

Borja-Aburto et al. 
(1998) 
SW Mexico City 
1993-1995 

All cause; 
respiratory; 
cardiovascular; 
other; all ages; 
age >65 yrs 

37.7 ppb, 24-h avg PM2.5, O3, SO2; 
two-pollutant models 

0, 1, 2, 3, 4, 5, and 
multiday avg 

Poisson GAM with 
default convergence 
criteria (only one 
smoother).  
Time-series study. 

Lag 1-5:  
All cause:  2.3% 
(!1.0, 5.6); 
Cardiovascular:  
2.8% (!3.2, 9.2); 
Respiratory:  4.7% 
(!5.1, 15.5). 
 

Loomis et al. (1999) 
Mexico City 
1993-1995 

Infant mortality 24-h avg 38 ppb PM2.5, O3 0, 1, 2, 3, 4, 5, 3-5 Poisson GAM with 
default convergence 
criteria.  Time-series 
study.  

Lag 3-5:  
11.4% (2.2, 21.4); 
with PM2.5:  
2.9% (!10.2, 17.8) 
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LATIN AMERICA (cont’d)       
Gouveia and Fletcher (2000b) 
São Paulo, Brazil 
1991-1993 

All ages (all 
cause); age <5 yrs 
(all cause, 
respiratory, 
pneumonia); 
age 65+ yrs 
(all cause, 
respiratory, 
cardiovascular) 

1-h max:  
84 ppb 

PM10, O3, SO2, CO 0, 1, 2 Poisson GLM.  
Time-series study. 

All ages:  
All cause:  
Lag 0:  !0.1% 
(!0.7, 0.4) 
 
Age 65+:  
All cause:  
Lag 1:  0.4% 
(!0.2, 1.1) 
Respiratory:  
Lag 2:  1.0% 
(!0.6, 2.5) 
Cardiovascular:  
Lag 1:  0.5% 
(!0.4, 1.3) 

Pereira et al. (1998) 
São Paulo, Brazil 
1991-1992 

Intrauterine 
mortality 

24-h avg 82 ppb PM10, O3, SO2, CO 0-4 Poisson GLM.  
Time-series study. 

Single-pollutant 
model:  
5.1% (2.8, 7.5); 
With other 
pollutants:  
4.7% (1.6, 7.9) 
 

Saldiva et al. (1994) 
São Paulo, Brazil 
1990-1991  

Respiratory; age 
<5 yrs 

24-h avg NOx 
127 ppb 

PM10, O3, SO2, CO; 
multipollutant models 

0-2 OLS of raw or 
transformed data.  
Time-series study. 

NOx slope estimate:  
0.007197 
deaths/day/ppb 
(SE 0.003214), 
p = 0.025 

Saldiva et al. (1995) 
São Paulo, Brazil 
1990-1991  

All cause; 
age 65+ yrs 

24-h avg NOx 
127 ppb 

PM10, O3, SO2, CO; 
two-pollutant models 

NOx slope estimate:  0-1 OLS; Poisson with 
GEE.  Time-series 
study. 

0.0341 
deaths/day/ppb 
(SE 0.0105) 
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LATIN AMERICA (cont’d)       
Cifuentes et al. (2000) 
Santiago, Chile  
1988-1966 

All cause 8-h avg  41 ppb PM2.5, PM10-2.5, CO, 
SO2, O3 

0, 1, 2, 3, 4, 5, 1-2, 
1-3, 1-4, 1-5 

Poisson GAM with default 
convergence criteria; 
Poisson GLM.  Time-
series study. 

GLM model, lag 1-2:  
Single pollutant:  1.7% 
(0.7, 2.7); with other 
pollutants:  1.5% (0.3, 
2.7) 
(per 25ppb 8-h avg) 

Ostro et al. (1996) Santiago, 
Chile 1989-1991 

All cause 1-h max 56 ppb PM10, O3, SO2; 
two-pollutant models 

1 OLS, Poisson.  
Time-series study. 

Poisson, lag 1:  !0.5% 
(!1.1, 0) 

AUSTRALIA       
Simpson et al. (2005a,b) 
Brisbane, Sydney, 
Melbourne, and Perth, 
Australia 
1996-1999 

All cause, 
respiratory, and 
cardiovascular 
in all ages; 
cardiovascular 
in age 65+ yrs 

1-h max ranged 
from 16 to 24 
ppb 

PM10, PM2.5, bsp 
(nephelometer), O3, 
CO 

0, 1, 2, 3, 0-1 Poisson GLM, GAM with 
stringent convergence 
criteria.  Time-series 
study. 

Lag 0-1, GAM, all-
cause, single pollutant:  
3.4% (1.1, 5.7); with 
bsp:  3.1% (0.3, 5.9); 
cardiovascular:  4.3% 
(0.9, 7.8); respiratory:  
11.4% (3.5, 19.9) 

Simpson et al. (2000) 
Brisbane, Australia 
1991-1996 

All cause, 
respiratory, and 
cardiovascular 
in all ages; 
cardiovascular 
in age 65+ yrs 

24-h avg:  whole 
yr:  12 ppb; cool 
season:  13 ppb; 
warm season 
9 ppb 

PM10, PM2.5, bsp, O3, 
CO 

0, 1, 2, 3, 0-1 Poisson, GAM with 
default convergence 
criteria.  Time-series 
study. 

All-cause (lag 1):  9.7% 
(4.7, 14.8); respiratory:  
18.8% (1.2, 39.6) 

Morgan et al. (1998b) 
Sydney, Australia 
1989-1993 

All cause; 
respiratory; 
cardiovascular  

24-h avg 13 
ppb; 1-h max 26 
ppb  

bsp, O3 
 

0-1 Poisson with GEE.  Time-
series study. 

Lag 0-1, single pollutant, 
all-cause:  3.0% (0.1, 
6.0); cardiovascular:  
2.2% (!1.7, 6.4); 
respiratory:  8.6% (!0.4, 
18.4) 

Simpson et al. (1997) 
Brisbane, Australia 
1987-1993 

PM10, bsp, O3, SO2, 
CO 

All cause; 
respiratory; 
cardiovascular 

24-h avg 14 
ppb; 1-h max 28 
ppb 

0 Autoregressive Poisson 
with GEE.  Time-series 
study. 

Lag 0-1, single pollutant, 
all-cause, all-yr:  !1.0% 
(!5.2, 3.4); summer:  
!3.6% (-11.2, 4.7); 
winter:  1.2% (!4.0, 6.9) 
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Location, and Period 
ASIA       
Kim et al. (2004b) 
Seoul, Korea 
1995-1999 

All cause 24-h avg 33 ppb. PM10, O3, SO2, CO; 
two-pollutant models 

1 Poisson GAM with stringent 
convergence criteria (linear 
model); GLM with cubic natural 
spline; GLM with B-mode spline 
(threshold model).  Time-series 
study. 

Risk estimates for NO2 not 
reported.  

Lee et al. (1999) 
Seoul and Ulsan, 
Korea 
1991-1995 

All cause 1-h max O3:   
 
Seoul:  
32.4 ppb 
10th %-90th % 
14-55 
 
Ulsan:   
26.0 ppb 
10th %-90th % 
16-39 

TSP, SO2 0 Poisson with GEE.  Time-series 
study. 

1-h max O3 (per 50 ppb):   
 
Seoul: 
1.5% (0.5, 2.5) 
Ulsan:   
2.0% (!11.1, 17.0) 

Lee and Schwartz 
(1999) 
Seoul, Korea 
1991-1995 

All cause 1-h max O3:   
 
Seoul:  
32.4 ppb 
10th %-90th % 
14-55 
 

TSP, SO2 0 Conditional logistic regression.  
Case crossover with bidirectional 
control sampling. 

1-h max O3 (per 50 ppb):  
 
Two controls, plus and 
minus 1 wk: 
1.5% (!1.2, 4.2) 
 
Four controls, plus and 
minus 2 wks:  
2.3% (!0.1, 4.8) 

Kwon et al. (2001) 
Seoul, Korea 
1994-1998 

Mortality in a 
cohort of 
patients with 
congestive heart 
failure 

24-h avg 32 ppb PM10, O3, SO2, CO 0 Poisson GAM with default 
convergence criteria; case-
crossover analysis using 
conditional logistic regression.  

Odds ratio in general 
population:  
1.1% (!0.3, 2.5) 
Congestive heart failure 
cohort:  
15.8% (1.8, 31.7) 
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Seoul, Korea 
1995-1999 

All cause; respiratory; 
postneonatal (1 mo to 1 
yr); age 2-64 yrs; age 65+  

24-h avg 33 ppb PM10, O3, SO2, 
CO 

0 Poisson GAM with default 
convergence criteria.  
Time-series study. 

All cause for postneonates:  
0.8% (!5.7, 7.7); age 65+:  
3.8% (3.7, 3.9) 

Hong et al. (2002) 
Seoul, Korea 
1995-1998 

Acute stroke mortality 24-h avg 33 ppb  PM10, O3, SO2, 
CO 

2 Poisson GAM with default 
convergence criteria.  
Time-series study.  

4.3% (1.6, 7.0) 
 

Tsai et al. (2003b) 
Kaohsiung, Taiwan 
1994-2000 

All cause; respiratory; 
cardiovascular; tropical 
area 

24-h avg 29 ppb PM10, SO2, O3, 
CO 

0-2 Conditional logistic 
regression.  Case-crossover 
analysis. 

Odds ratios:  
All cause:  
0.1% (!5.9, 6.6); 
Respiratory:  
!1.0% (!22.2, 25.9); 
Cardiovascular:  
!1.8% (!14.0, 12.1) 

Yang et al. (2004b) 
Taipei, Taiwan 
1994-1998 

All cause; respiratory; 
cardiovascular; 
subtropical area 

24-h avg 31 ppb PM10, SO2, O3, 
CO 

0-2 Conditional logistic 
regression.  Case-crossover 
analysis. 

Odds ratios:  
All cause:  
0.6% (!3.9, 5.2); 
Respiratory:  
2.5% (!13.1, 20.8); 
Cardiovascular:  
!1.1% (!9.5, 8.0) 

Wong et al. (2001b) 
Hong Kong 
1995-1997 

All cause; respiratory; 
cardiovascular 

24-h avg 25 ppb 
in warm season; 
33 ppb in cold 
season 

PM10, O3, SO2; 
two-pollutant 
models 

0, 1, 2 Poisson GAM with default 
convergence criteria.  
Time-series study. 

All cause (lag 1):  
2.6% (0.9, 4.4); 
Respiratory (lag 0):  
6.1% (!1.8, 10.5); 
Cardiovascular (lag 2):  
5.2% (1.8, 8.7) 

Wong et al. (2002) 
Hong Kong 
1995-1998 

Respiratory; 
cardiovascular; COPD; 
pneumonia and influenza; 
ischemic heart dis.; 
cerebrovascular 

0, 1, 2, 0-1, 0-2 24-h avg 29 ppb PM10, O3, SO2; 
two-pollutant 
models 

Poisson GLM.  Time-series 
study. 

Respiratory (0-1):  
5.1% (1.6, 8.7); 
Cardiovascular (lag 0-2):  
3.1% (!0.2, 6.5) 
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ASIA (cont’d)       
Hedley et al. (2002) 
Hong Kong 
1985-1995 
Intervention Jul 1990 
(switch to low sulfur- 
content fuel) 

All cause; 
cardiovascular; 
respiratory; 
neoplasms and other 
causes; all ages; 
age 15-64 yrs; 
age 65+ yrs 

Avg moly NO2:  
 
Baseline:  29 ppb 
 
1 yr after intervention:  
25 ppb 
 
2-5 yrs after 
intervention:  28 ppb 

SO2 (main pollutant of 
interest, 45% 
reduction observed 5 
yrs after intervention), 
PM10,  
SO4

2!, NO2 

Moly avgs 
considered 
without lags 

Poisson regression of 
moly avgs to estimate 
changes in the increase 
in deaths from warm 
to cool season.  
Annual proportional 
change in death rate 
before and after the 
intervention was also 
examined. 

Declines observed in all 
cause (2.1%, p = 0.001), 
respiratory  
(3.9%, p = 0.001), and 
cardiovascular  
(2.0%, p = 0.020) 
mortality after the 
intervention. 
 
As NO2 levels did not 
change before and after 
the intervention, NO2 
likely did not play a role 
in the decline in observed 
mortality. 

Yang et al. (2004b) 
Taipei, Taiwan 
1994-1998 

All cause; 
respiratory; 
cardiovascular; 
subtropical area 

24-h avg 31 ppb PM10, SO2, O3, CO 0-2 Conditional logistic 
regression.  Case-
crossover analysis. 

Odds ratios:  
All cause:  
0.6% (!3.9, 5.2); 
Respiratory:  
2.5% (!13.1, 20.8); 
Cardiovascular:  
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!1.1% (! 9.5, 8.0) 
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